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1  Background 


Miler  gates  and  other  hydraiUc  steel  stnictuies  (HSS)  must  be  designed  to 
withstand  loads  due  to  die  weight  of  the  structure  and  permanent  attachments, 
operatirtg  equipment,  barge  impact,  hydrostatic  and  hydrodynamic  effects,  and 
environmental  effects.  The  maximum  structural  response  to  apfxnopiiate  com- 
biruttions  (tf  operating  and  environmental  effects  is  comiuued  to  the  design 
strength  of  the  structure  to  ensure  acceptable  performance. 

The  design  of  miter  gates  in  the  past  has  been  based  on  allowaUe  stress 
design  (ASD)  {xinciples  (Headquarters,  Dqurtment  of  the  Army  1972),  the 
traditional  tqtpioadi  to  steel  design  embodied  in  die  American  Institute  of  Steel 
CIcmsttucticm  (AISQ  qpecificatimi  (AISC  1978).  In  ASD,  the  design  safety 
check  is  of  dte  form 


AEG.)  <  •  ^11 


(1) 


v^re 

fi^i)  =  ihc  elastically  computed  stress  arising  from  the  combined  nominal 
loads,  TQ 

Foa-  allowable  stress 

-  limiting  stress  (for  yielding,  rupture,  buckling) 

FS  s  overall  factor  of  safety 

The  FS  represents  the  traditional  way  of  addressing  the  problem  of  design 
uncertainty  and  does  so  in  a  purely  subjective  way. 

There  are  a  number  of  shortcomings  in  ASD  (Galambos  et  al.  1982)  which 
are  remedied  in  the  new  “Load  and  ResistatKe  Factor  Design  Specification  for 
Structural  Steel  Buildings”  (AISC  1986).  In  contrast  to  ASD,  Load  and  Resis¬ 
tance  Factor  Design  (LRFD)  is  a  limit  states  design  method  which  is  much 
better  keyed  to  the  bdiavior  of  steel  structures  at  design  conditions.  Design 
uncertainties  are  taken  into  account  using  modem  stractural  reliability  analysis 
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tecfaniques  lo  suj^itement  professional  judgement.  In  LRFD,  the  basic  safety 
diedt  is  of  the  fonn 


Required  strenrth  <  Design  strengdi 


(2a) 


^Y/  Qni  < 


(2b) 


where 

«  nominal  strength 

4  *  resistance  factor  that  reflects  unceitainty  in  strength 

Yj « load  facKMS  to  account  for  unceitainty  in  the  loads 

Note  that  the  fectors  ^  and  y,-  serve  die  same  purpose  as  the  overall  FS  in 
Equation  1.  However,  they  are  reflective  of  the  variability  in  the  individual 
parameters  to  which  ttiey  are  assigned. 

The  LRFD  Specification  (AISC  1986)  provides  a  comprdiensive  treatmertt 
of  design  strei^  for  die  limit  states  of  yielding,  inelastic  deformation,  frac¬ 
ture.  and  instability  for  steel  members  and  connections.  Studies  have  shown 
that  cost  savings  often  can  be  achieved  in  design  by  using  LRFD  rather  than 
ASD.  Efforts  are  now  underway  to  adapt  the  LRFD  Specification  to  the 
design  of  miter  gates  and  other  hydraulic  steel  structures  (Headquarters, 
Departmem  of  the  Army  1991  and  1993). 

The  required  strength  in  Equation  2b  is  defined  for  oidiiury  buildings  and 
other  structures  by  the  load  letpiiiemems  in  Section  2.4  of  American  Society 
of  Civil  Engineeis  (ASCE)  Stimdard  7-88  (formerly  American  National  Stan¬ 
dard  (ANSI)  Standard  A58.1-1982)  on  mirtimum  d^gn  loads  (ASCE  1990). 
Environmoital  effects  (wind  speed,  for  example)  are  specified  as  N-year  mean 
recurrence  interval  (MRI)  values,  i.e.  those  values  with  a  probaltility  of  1/N  of 
being  exceeded  in  a  given  year.  Generally,  hovrever,  two  or  more 
time-varying  effects  must  be  considered  in  comlwuaion.  As  illustrated  by  the 
tyiMcal  load  sam{de  functions  in  Figures  la  tiuou^  c,  the  extreme  values  of 
the  individual  effects  rarely  occur  simultaneously,  and  simitiy  cmnbining  the 
N-year  MRI  values  is  unduly  cmiservative.  Probabilistic  load  oombinatkm 
analysis  methods  (EUingwood  et  al.  1982;  Galambos  M  al.  1982)  were  used  to 
develop  die  load  factors  and  load  cmnbinations  used  to  compute  the  required 
stiengtti  in  Equation  2b  for  building  structures  (ASCE  1990).  Statistical  data 
are  required  to  define  the  cumulative  piobalnlity  distribution  functions  for  the 
environmental  loads  and  to  set  these  loads  and  load  combinations. 
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Figure  1 .  Stochastic  responses  to  environmental  events 


The  a(q)lication  of  the  load  factors  in  ASCE  Standard  7*88  (ASCE  1990)  to 
the  loads  considered  in  design  of  miter  gates  is  questionaUe,  because  the  load 
combination  analysis  alluded  only  to  above  utili:^  data  on  common  structural 
loads  for  buildings.  One  might  expect  that  the  load  requirements  for  design  of 
miter  gates  would  have  a  similar  format  but  that  the  load  factors  would  be 
different  Moreover,  the  load  factors  in  Equation  2b  were  determined  through 
a  calibration  process  in  which  commrm  structural  members  designed  ASD 
were  evaluate  using  structural  reliability  techniques.  The  new  load 
requirements  for  LRFD  were  based  on  the  target  reliabilities  determined 
through  this  assessment  of  existing  designs.  This  calibration  process  makes 
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sense  for  ordinary  contraction,  where  design  criteria  are  siqrported  by  years  of 
er^rience.  There  is  foss  experience  for  miter  gates.  A  review  of  the  past 
criteria  fw  hydraulic  structures  (Headquarters,  Department  of  the  Army  1972) 
dkies  not  reveal  any  rational  basis  for  sane  of  die  design  requirements,  e.g. 
that  the  AlSC-specified  allowable  stresses  be  multiplied  by  a  foctor  of  5/6  in 
(Mtqiortiaiing  members  for  combinatiais  of  normal  qierating  or  hydrostatic 
loa^. 

The  develt^ent  of  (MobabOity-based  load  requirements  for  use  in  LRFD 
requires  die  following  steps: 

a.  Identificadon  of  structures  to  be  covered. 

b.  Identification  of  limit  states  for  stracmral  components  and  systems. 

c.  Identification  of  significant  loads  and  load  combinations,  and  the  devel¬ 
opment  of  a  statistical  database  to  support  probaUlistic  load  combina¬ 
tion  analysis. 

d.  Collection  of  statistics  to  describe  the  structural  capacity. 

e.  Anal3rsis  of  reliabilities  associated  with  current  design  procedures 
(Headquarters,  Department  of  the  Army  1972),  and  selection  of  target 
reliability  levels. 

/.  Development  of  LRFD  load  requirements,  irxduding  load  combinations 
and  load  factos. 

g.  Comparative  deagn  studies  to  determine  cost  savings  or  penalties  asso¬ 
ciated  with  the  proposed  criteria. 

This  report  focuses  on  stqs  c,  e,  and  f. 
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Objectives  and  Scope 


This  lepcHt  describes  an  improved  basis  for  detenninii^  load  requirements 
for  design  of  hydraulic  steel  structures  using  modem  structural  reliability  anal¬ 
ysis  atKl  probabilistic  load  combination  techniques.  This  methodology  will 
facilitate  the  development  of  design  loads  and  their  combinaticms  for  use  in 
LRFD. 

The  methodology  is  demonstrated  for  miter  gates  by  considering  load  com¬ 
binations  involving  dead  load,  hydrostatic  load,  hydrodynamic  load  during  gate 
operation,  temporal  hydraulic  head,  and  barge  impact  load. 
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3  Reliability  Bases  for  LRFD 


Basic  methods  of  Reliability  Analysis 

This  section  piesents  some  of  the  basic  tools  for  the  development  of 
reliability-based  load  comtdnadons  for  hydraulic  structures  such  as  miter  gates. 


nrst-order  reliability  methods 

A  limit  state  represents  a  conditimi  in  udiich  the  stnictural  system  or  one  of 
its  cmnpmients  fails  to  perfonn  its  iiUended  functions.  For  HSS,  strength  or 
safety-related  limit  states  include  yidding,  rupture,  instability,  or  loss  of  over¬ 
all  equilibrium.  Serviceability  limit  states  include  excessive  deformation  or 
vibratioiL  A  limit  state  is  de^bed  a  behavioral  equation  or  failure  func¬ 
tion  developed  from  princi(des  of  structural  mechanics 


GQQ  »  0 


(3) 


^;^re 

=  random  variables  describing  loads,  material  strengths,  and  dimenaons. 

Failure  is  taken,  by  convention,  as  die  state  in  which  G(X)  <  0. 

The  limit  state  probability  or  probdiility  of  failure  provides  a  quantitative 
measure  of  rdiability  and  performance.  If  the  joint  distribution  of  the  X,.is 
known,  this  probal^ity  is 

Py  «  J.  .  .J/  (xj,  xj,  .  .  .)  dxidx2.  .  uix^  W 
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where 


j(j0  m  probabiUty  denrity  functkn  of  £  and  the  integration  is  per¬ 
formed  over  that  portion  of  the  domain  of  2  in  wdiich  G(£)  <  0 

The  joint  density  in  Equation  4  is  rarely  available  and  tte  integration  is 
difficult  to  perform.  Moreover,  /y  is  very  sensitive  to  the  bdiavior  of  the 
extremes  offis),  which  are  difficult  to  define  with  the  limited  data  that  typi- 
cally  are  available  in  structural  rdiability  analysis.  Hrst-order  (FO)  rdid^ty 
mettiods  have  been  developed  to  address  diese  problems.  In  FO  reliaUlity 
analysis,  /y  as  a  measure  of  reUatality  is  tefAaced  by  a  “reliability  index,” 
defined  as  foe  minimum  distance  from  foe  mean  of  X  to  foe  failure  surface, 
measured  (vfoen  foe  random  variaUes  are  statistically  indqpendent)  in  standard 
deviation  ^ts  (Meldiets  1987).  The  coordinates  of  foe  point  of  minimum 
distance  on  foe  Mure  surface  (sometimes  termed  the  cheddng  or  design  point) 
can  be  defined  as 


X*,-  ■  ifi;  ±  a,-  P  O;,  /«  1,2,  ....  n 


vfoere 

irij.  Oj  =  mean  and  standard  deviation  in  Xj 

a,* «  sensitivity  coefficient  descrilang  the  relative  importance  of  variaUe 
Xj  in  foe  reliability  analysis 

The  plus  or  minus  sign  rm  Oj  depends  on  %foefoer  Xj  is  a  load  or  strength  vari¬ 
able,  reflectively.  If  all  variables  are  described  by  a  normal  distribution  and 
function  (j(x)  is  linear  in  x,  P  and  Fy  are  related  by 


Pf  -  fo(-P) 


(6) 


where 

^  s  standard  normal  probability  integral 

In  tiiis  case,  FO  reliability  analysis  is  a  tool  for  approximately  integrating 
Equatirxi  4.  Qearly,  estimates  of  means  and  standard  deviations  in  loads  are 
essential  in  developing  probability-based  design  requirements. 
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Estimation  of  maasuioi  of  uncertainty 

Let  X  denote  t  bmic  lesisunce  or  load  variable.  Tbe  tnie  statistical  diarac- 
teridics  of  X  should  be  employed  when  evaluathig  lyor  p  and  udien  deriving 
appropriate  fimton  of  safety  for  design.  Ifowever,  tte  random  characteristics 
of  X  seldom  m  Imown  piecisely  in  structural  engineering  owing  to  insufficient 
data  and  imperfect  infoimation.  This  is  e^)ecially  true  for  miter  gries,  vdieie  a 
consislem  database  on  operating  events  does  not  mdst  Estimates  of  the  mean. 
mj[,  and  the  standard  devUttion,  a^,  and  coefficient  of  variation,  ,  that 
dmcribe  Inherent  variabilhy.  are  obtained  from  small  smides  of  data  or  ate 
inferred  on  ttre  basis  of  expert  opinioa  Addidotud  uncertainties  arise  from  the 
smril  sample  sizes,  diffooices  between  die  laboratmy  condidons  utxler  vriddi 
some  data  are  gathoed  and  field  conditions,  and  structural  modeling  ernns. 

As  a  result  of  these  additkmal  uncertaindes,  the  mean  and  coefficient  of  varia¬ 
tion  used  in  structural  reliability  analysis  should  be  determirred  as 


mx^Bmx 


(7) 


(8) 


nriiere 


mxmdVx-  data  based 

B  s  bias  in  prediction 


Vg  =  modeling  uncertaimy,  assumed  to  be  vested  in  the  uncertainty 
in  predicting  die  mean,  mx. 

When  data  ate  available,  mx  and  can  be  estimated  from  data  samples. 
Frequently,  little  data  are  availaUe  to  supidement  engineering  judgement 
Occasitmally,  die  engineer  may  be  aide  to  estimate  fimn  past  experience  the 
range  over  udiich  the  data  should  fie.  In  this  case,  the  mean  and  coefficient  of 
variation  can  be  estimated  from  the  range  if  some  assumption  is  made  about 
die  general  sluqie  of  the  probatdlity  distribution.  If,  for  example,  it  is  assumed 
that  X  has  a  bell-sh^ied  frequency  distribution  and  that  rou^y  95  percent  of 
an  values  lie  between  xj  and  X2,  the  im[died  mean  and  coefficiem  of  variation 
inX  ate 

ifiX  *  (xi  +  J^V2  (9) 
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Vx  -  0Ji(*2  -  xiVO^  *  Xj) 


(10) 


Because  of  die  scarcity  of  data,  it  will  be  necessary  to  estimate  statistics  for 
several  of  die  loads  uataig  similar  techniques  in  the  sequel 


The  Delphi  ee  a  baele  for  uncertainty  analyala 

A  significant  amount  of  load  survey  and  modeling  data  wme  available  to 
develop  the  load  comUnations  in  ASCE  7-88  (ASCE  1990)  for  building  struc¬ 
tures  and  in  the  AISC  LRFD  qiecificatimi.  The  loads  used  in  miter  gate 
detign  are  defined  in  EM-1 11(1-2-2703  (Headquarters,  Department  of  the  Army 
1984).  These  loads  qiparendy  are  based  cm  experience  rather  than  on  in  situ 
load  measurements,  and  their  quandtadve  basis,  if  any,  cannot  be  detennined. 
Statistical  data  of  the  sort  available  for  buildings  are  not  availaUe  for  loads  on 
miter  gates  and  odier  hydraulic  structures,  and  it  is  not  feasiUe  to  perform  the 
necessary  load  surveys. 

A  De4)hi,  or  consensus  estimation  survey,  was  conducted  to  remedy  this 
situation  and  to  provide  statistical  data  on  loads  necessary  to  devdt^  l»Dba- 
lality-based  load  combinations.  A  Delphi  is  an  organized  mediod  for  elicitirig 
erqrert  opinimi  or  intelligent  judgement  from  a  group  and  is  used  to  quantify  a 
{foenmnenm  udien  empirical  data  are  limited  or  do  not  exist  Delia’s  have 
been  used  in  a  number  of  structural  engineering  apfdications:  in  revising  foe 
live  load  tables  in  ASCE  7-88  (Corotis,  Fbx,  and  Harris  1981)  and,  more 
recendy,  in  seismic  hazard  analysis  at  nuclear  plant  sites  in  the  Eastern  United 
States  ^ifoere  there  is  little  or  no  historical  seianidty  (Bermeuter  et  al.  1989). 
Of  course,  the  accuracy  of  the  results  depends  m  the  knovdedge,  Imuses,  and 
judgement  of  foe  participants  and  foe  extent  to  uiiich  they  utilize  any  available 
empirical  data.  In  a  typical  qrplication,  a  load  quesdmmaire  initially  is  circu¬ 
late  to  foe  group  and  each  participant  is  adted  to  provide  a  best  estimate  of  a 
parameter  and  an  estimate  of  its  variation.  The  remits  of  the  questionnaire  are 
ccnnpiled  and  recirculated  for  revisions.  Althou^  in  the  ideal  situation  there 
may  be  several  iterations  of  the  questionnaire,  constraints  prevented  this  in  the 
current  project 

The  qirestkmnaire  was  developed  and  distributed  to  each  U.S.  Army  Corps 
of  Engirieers  (USAGE)  Distria  to  the  lodr^aster  of  each  lock  and  dam 
that  is  (^rerated  and  maintained  by  the  C^ips  (Ciasten  1992b).  Eadi  lock 
(^rator  was  asked  to  c^plete  the  survey  on  the  basis  of  his  own  experience. 
A  total  of  108  responses  were  received,  rqnesenfoig  most  of  the  major  river 
systems  in  foe  eastern  United  States. 

A  typical  survey  question  asked  for  a  best  estimate  of  a  parameter,  X  (.cay, 
hydrodynamic  head),  and  a  i^us-or-minus  variation,  aX.  This  informatim  is 
used  to  estimate  the  mean  and  standard  devieticm  (or  uefficient  of  variation) 
in  variaUe  X.  The  variation  given  was  interprciui  as  corresponding  to  ±  2 
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standard  deviations  (icpresading  4)pioxiinaldy  the  95  peiceitt  confidence 
bomd  Ah’  nonnal  mdom  variables). 

Stqtpose  that  the  two  estimates  (aovided  by  the  it***  paitidpam  are  and 
k  ■  The  mean  value  of  X  is  estimtfed  fiom 

X  -  ^  -  »*X  (») 

Assuming  that  the  participants  are  equally  experienced,  X  is  an  unluased  e^- 
mate  of  die  mean. 

The  actual  value  of  X  can  be  expressed  as 

X  •mx*U  *V  (12) 

where 

s  true  mean  of  X 

V  s  zeiiMnean  random  vatial^  describing  deviation  of  mean  values  esti> 

mated  by  participants 

V  s  zero-mean  random  variaide  derxiting  the  deviation  in  die  variation 

estimated  by  each  participard. 

Assuming  dut  f/  and  V  are  statistically  independent,  the  variance  in  X  is  esti¬ 
mated  by 

where 
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(15) 


A? 


“r 


The  coefficient  of  variation  in  X  is  estimated  ss  V,  »  aJX 
The  results  of  the  Ddphi  are  summarized  later  in  this  repoit 


Stochastic  Modeling  of  Load  Events 

Load  events  occur  randomly  in  time,  and  the  magnitude  during  any  event 
also  is  nuMton.  If  the  effea  of  the  load  on  the  structure  is  static,  it  can  be 
assumed  that  the  load  magnitude  remains  essentially  constam  during  an  event 
with  mean  duration,  x.  (If  the  load  varies  slowly  in  the  interval,  the  load 
magnitude  can  be  set  equal  to  die  maximum  value  within  the  interval).  With 
these  assumpdms,  each  load  can  be  modeled  as  a  sequence  of  random  pulses 
(a  so-called  pulse  process),  as  illustrated  by  the  samfde  fiuictions  in  Figure  2. 
Permanent  loads,  such  as  dead  and  permanent  equiprnem  loads,  are  essentially 
cmistant  in  time.  Sustained  loads  may  change  dieir  magnitude  in  a  stepwise 
fashion  frmn  time  to  time  but  in  between  these  changes  remain  relatively  con¬ 
stant  Hydrostatic  loads  fall  into  this  category.  Such  loads  may  be  intermittent 
in  nature,  i.e.,  diere  are  substantial  periods  when  the  load  is  not  acting. 

Rnally,  ttansiem  loads  occur  infrequently  and  usually  last  for  a  veiy  short 
duration;  the  durations  of  such  loads  oftm  are  so  rimrt  in  comparisrm  to  those 
of  sustained  loads  that  tfiey  can  be  modeled  as  impulses.  Eairiiqualce  loads 
and  barge  impact  loads  are  examples  of  short-duration  transient  loads.  The 
jMobatrility  densities  for  these  load  processes  sampled  at  an  arbitrary  point  in 
time  are  illustrated  at  the  left-hand  side  of  each  sar..ple  fiinctirm  in  Rgure  2. 
The  discrete  probability  mass  at  zero  magnitude  represents  the  probability  ttiat 
the  load  is  absent  (not  acting)  at  the  time  of  load  sampling. 

The  load  processes  in  Figure  2  must  be  described  statistically  to  perform 
the  load  amibination  analysis.  The  probability  distributions  of  the 
point-in-time  loads,  Q,  and  the  maximum  loads  to  occur  during  an  interval  of 
time  (0,t),  Cmor  ^  required  for  load  and  load  combination  analysis  (Turkstra 
and  Madsen  1980;  Ellingwood  et  aL  1982).  It  often  is  assumed  that  the 
occurrence  in  time  of  load  events  is  described  by  a  Poisson  process.  With  the 
Poisson  model,  the  probability  of  observing  n  events  in  interval  (0,r)  is 


Pim  «  n] 


at)'*  e 


-Xt 


n\ 


.;  /r  *  0,1,2, 


(16) 


where 

X  s  mean  rate  of  occurrence  of  events 
Ch^ws  ntlablUy Bm—  far LRFP 


Figure  2.  Pulse  process  models  of  loads 
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The  (Kobibatty  distribution  of  the  maximum  load  to  occur  during  (0^)  can  be 
obtained  from  the  theorem  of  total  probidjility 


<x\N^n]  PlNit)  -  n] 

n 


(17) 


If  die  individual  loads  in  die  sequence  are  assumed  to  be  identically  distributed 
and  statistically  independent  random  variables,  the  cumuladve  distribution 
function  of  the  maximum  load  in  (0./)  is  obtained  from  Equations  16  and  17  as 

Fq^(x)  -  exp  t-  Xr(l  -  Fq(x))1  (18) 


This  distribution  of  the  maximum  load  demonstrates  the  importance  of 
obtaining  data  «i  the  rate  at  whidi  accidental  events  occur  (parameter  X)  and 
on  their  magnitude  (described  by  Fq  (jt)). 

The  distribution  of  die  maximum  of  a  ombination  of  time-dqiendent  stoch¬ 
astic  variaUes  generally  cannot  be  determined  exacdy,  and  approximations 
must  be  sought  Severed  methods  for  evaluating  combinations  of  stochastic 
variaUes  are  available  (Lanabee  and  Cornell  1981;  Pearce  and  Wen  1984; 
Turkstra  and  Madsen  1980).  All  of  diem  require  information  on  the  mean  rate 
of  occurrence,  X,  of  each  load  event  the  duration,  t,  of  the  event  (see  Hg- 
ure  2),  and  die  pndiability  distribution,  Fq  (x),  of  each  load  magnitude. 

Suppose  that  a  combinatkHi  of  loads  is  defined  as 


U(t)  •  X,(r)  +  X2(r)  ♦  . .  . 


(19) 


U,^  *  maxUit);  t  <!r 


(20) 


where 

Xft)  =  stochastic  load  event 

An  iqtper  bound  for  die  probability  that  exceeds  the  value,  x,  during  per¬ 
iod  (0,T)  is  given  by 


^ - - —  A  nigetilMaii 
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Gy  Or)  <  vyOc)T 


(21) 


where 

s  mean  rate  at  which  the  comNned  process  U(0  crosses  x  with  a 
positive  slope 

The  hmction  Vy(x}  can  be  approximated  by  (Pearoe  and  Wen  1984) 


^yOc)  -  Gy.Oc)  *  Gyj^jOc)  *  .  .  . 

•  •  J 


(22) 


where 


Gyi  and  v,-  s  conditional  im^MUlity  of  Uf  exceeding  x  and  mean 
occurrence  rate  of  alone 

Gyi^yj  and  v^- »  conditional  prohidHliQr  of  exceeding  x  and  mean 
occurrence  rate  of  Uf¥Uj  occurring  simultaneously 

If  Ae  individud  loads  are  modeled  as  Poisson  pulse  processes,  Ae  mean 
rate  of  occurrence  and  duration  are  sufficient  to  describe  the  temporal  charac¬ 
teristics  of  the  load.  The  probability,  jv,.  that  the  load  is  nonzero  at  any  time 
equals  v/c,-.  If  the  load  is  always  nonzero,  s  1.0;  if  the  load  is  intermittent, 
pi  will  be  less  than  1.0.  If  two  intermittent  processes  combine,  die  mean  rate 
of  occurrence  and  duratkm  of  a  coincidence  of  the  two  loads  i  and  ;  are  given 
by  (Pearce  rmd  Wen  1984) 


V,-  Vy  (X; 


(23) 


TX- 


E.  ♦  t- 

*  V 


(24) 


As  can  be  seen  fimn  Equations  21  and  22.  events  (or  combinations  of  events) 
wiA  very  small  v,-  (or  v,y)  contribute  very  little  to  the  probalnlity  of  exceeding 
X.  Load  (XHnbinations  involving  loads  wiA  very  low  probability  of  couici- 
dence  do  litOe  to  enhance  structural  reliaUlity.  This  oNervation  will  be  used 
subsequently  to  screen  certain  load  combiiudions  from  .iirther  consideration. 


14 


Chaptar  3  naSabiity  Baaas  for  LRFD 


4  Load  and  Resistance  Data 
for  Lock  Structures 


Basic  Description  of  Structurai  Loads 

Structural  aoimis  on  miter  gates  due  to  hydrostatic  pressure  (H^),  temporal 
head  hydrodynamic  load  (HJi,  equipmem  loads  (Q),  and  impact  (/^  arise 
fhxn  ttw  nonnal  operation  of  the  locks.  Thus,  the  statistical  analysis  of  struc¬ 
tural  loads  requires  knowledge  of  the  operatiiig  characteristics  of  the  lock 
gates,  which  depoids  on  the  usage  of  die  locks.  General  operating  duracter- 
istics  of  locks  on  heavily  traveled  rivers  may  be  ^te  different  from  those  on 
secondary  rivers,  and  it  might  be  eiqiected  dud  the  design  requirements  would 
dqiend  on  river  use.  For  diis  study,  the  emphasis  is  on  hi^Hise  rivers 
beonise  of  the  economic  impact  of  lock  design  and  operation. 

The  *T)hio  River  Standard”  (1 10  by  600  ft  or  34  by  183  m)  lock  is  com¬ 
mon  on  rivers  in  die  North  Central  Division,  USAGE.  There  are  21  of  these 
locks  on  the  Nffississippi  and  7  on  the  Illinois  River  (Reuter  1990).  The  tow¬ 
boat  or  tug  aid  the  collection  of  unpowered  barges  are  referred  to  collectively 
as  the  ”tow.”  On  the  Upper  Mississippi  River,  tows  are  limited  to  a  maximum 
of  15  barges  udiich  typically  are  35  ft  wide  by  195  ft  long  (11  m  by  59  m). 
When  locking  duou^  an  C^o  Standard  Lock,  sudi  tows  must  be  ream- 
figured.  The  fust  lockage  would  involve  nine  barges,  and  the  second  lockage 
would  involve  six,  plus  the  towboat 

The  starting  point  for  load  event  analysis  is  the  rate  of  occurraice  of  lock¬ 
ages.  The  “Lock  Accident  Study,”  TR-REMR-HY-7  (Martin  and  Lipinski 
1990),  Appendix  B,  provides  data  on  number  of  lockages  and  total  tonnage 
obtained  from  seven  USAGE  District  Offices,  comprising  up  to  11  years  of 
data  at  80  tocks  on  10  rivets.  A  review  of  these  data  revealed  that  on  the 
Mississipp.  River,  lockr^es  occurred  neatly  uniformly  during  the  period  April 
through  December  of  eadi  year,  while  during  the  January  through  March 
quarter,  hidrages  were  rqiproximately  70  to  80  percoit  of  those  in  the  other 
three  quartets.  On  the  Ohio  River,  on  the  other  hand,  lockages  were  essen¬ 
tially  uniform  ttirou£dK>ut  the  year.  This  ladi  of  a  strong  seasonal  effect 
implies  that  lockages  may  be  assumed  to  occur  uniformly  during  the  entire 
year  for  load  combituttion  analysis  purposes.  A  summary  of  1986  lockage  data 
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for  fix  locks  showing  foe  highest  sverage  snraial  damages  to  miter  gates  is 
pRsei^  in  Table  1. 


Tabtei  1 

Lockages  In  1986  In  Locks  with  High  Damage  Rates  | 

Tonnasa 

n 

m9r 

Uek 

Loohao— 

Bargaa 

(UMuaaiida) 

fiittitiifipi 

17 

4.238 

25.616 

27,125 

353 

21 

4.388 

%726 

26,038 

366 

22 

4.443 

26.448 

26.886 

370 

24 

4.S81 

28.084 

28,161 

383 

2S 

4.718 

28.101 

28.158 

383 

Ohio 

8.872 

34.617 

34,282 

486  y 

Some  of  foe  data  piesented  in  Appendix  B  of  REMR-HY-7  (Martin  and 
Liifoidci  1990)  are  for  9.  10,  or  11  mtmfos;  all  data  in  TaUe  1  have  been  nor¬ 
malized  to  a  12-monfo  period.  No  difEerentiation  was  made  between  upstream 
and  downstream  lockages  in  the  TR  REMR-HY-7  database.  Although  some  of 
foe  lockages  migtit  have  been  associated  with  pleasure  craft,  the  database  is  not 
qiecific  on  this  poim. 

An  klealizaiion  of  lock  operation  for  purposes  of  idealizing  the  temporal 
characteristics  of  loads  Hg,  Hp  md  Q  is  foown  in  Figures  3  and  4.  Fig¬ 
ure  3  shows  a  downstream  lodcage  and  foe  loads  developed.  Figure  4  illus¬ 
trates  foe  temporal  characteristics  of  foe  resulting  loads  from  two  successive 
lodcages,  foe  first  fiom  a  vessel  traveling  downstream  and  the  second  from  a 
vessel  traveling  upstream.  The  upper  gate  is  assumed  to  be  open  at  the  begin¬ 
ning  of  foe  cycle.  Several  distinct  stages  that  are  repeated  in  sequence  for 
each  lodtage  are  identified  in  order  to  relate  tempond  characteristics  to  avail- 
aide  data.  Appendix  D  of  TR  REMR-HY-7  (Martin  and  Lipinski  1990)  indi¬ 
cates  that  at  Mississippi  River  Locks  24  and  25,  the  “processing  time"  is 
tq^xoximately  80  min.  In  foe  context  of  Hgures  3  and  4,  foe  processing  time 
is  interpreted  as  the  time  from  when  the  tow  begins  maneuvering  to  enter  foe 
lock  to  foe  time  it  exits,  including  gate  operation  time.  The  “chambering"  time 
(time  to  dewater  the  lock  and  open  the  lower  gates)  for  these  two  locks 
averages  about  35  miiL  The  time  required  to  open  or  close  the  gates  is 
approximately  2  min.  (Green,  Murphy,  and  Brown  1964),  and  the  dewatering 
(watering)  period  is  q>ptoximately  30  min.  At  a  typical  tow  entry  velocity  of 
2  mph  (0.90  m/s)  (Reuter  1990),  the  entry  or  exit  period  is  about  5  to  7  min. 
lonally,  operator  experience  suggests  thru  tows  typically  spend  20  to  30  min  in 
the  holding  area  in  the  handling/maneuvering  jdiare.  There  times  are 
summarized: 
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Figure  4.  Temporal  characteristics  of  loads  during  lockage 


Handling  and  maneuvering 
Tow  enters  upper  lock 
Qose  upper  gate 
Dewater  lock 
Open  lower  gate 
Tow  exits 

Total 


20  to  30  min 
S  to  7  min 
2  to  3  min 
20  to  30  min 
2  to  3  min 
5  to  7  min 
54  to  80  min 


Operating  Loads 

The  hydrostatic  load,  on  the  miter  gate  in  the  closed  position  is  deter¬ 
mined  by  the  upper  and  lower  pool  elevations.  These  pool  elevations  are 
site-dependent  Their  variation  is  dependent  on  weather  conditions  upstream, 
primarily  rainfall/tunoff.  Figure  5  shows  a  vertical  section  throu|^  a  typical 
miter  gate,  illustrating  the  resultant  hydrostatic  pressures  and  the  oversdl  force 
developed. 
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Figure  5.  Typical  miter  gate  vertical  cross  section 

The  resultant  force  per  linear  unit  width  acting  on  the  miter  gate  is 

where 

=  density  of  water 
Hp  s  depth  of  ui^r  pool 
=  depth  of  lower  pool 
Since  the  dil^erential  elevation  is  a  = 
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F  -  *  H^^ri 


(26) 
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The  maximnim  anmial  resultant  force  occurs  when  a  is  at  its  annual  maximum 
value  or  viien  is  at  its  annual  maximum  value.  The  pressure  at  any  dis- 
taice,  z,  bdow  tm  tc^  of  the  gate  is  given  as 


P(z) 


0:  2^  Hg-Hp 


yjz  -  (Hg  -  /fpi;  Hg-Hp<2<Hg-H, 


(27) 


[UHp-H,)-y^Hg-H,<2 


vAitn 

Hg  s  hei^  of  the  gate 

The  load  per  unit  length  on  a  horizmital  girder  at  z  is 

fis^spiz)  (28) 


v^re 

s  s  vertical  gracing  of  the  girders 

The  mean  and  standard  deviation  of  F  or  can  be  devdoped  from  Equa¬ 
tions  26  or  28,  as  appropriate. 

Stage  duration  curves  at  Lock  and  Dams  (LD)  24,  25,  and  27  on  the  Upper 
Mississippi  River  and  at  Cheatham  LD  on  the  Cumberland  River  were  ana¬ 
lyzed  to  determined  statistics  of  annual  extreme  pool  and  tailwater  devadons 
atMl  annual  maximum  differentials  in  devadon.  The  elevadons  ate  measured 
upstream  and  downstream  from  die  LD’s.  Stadsdcs  on  pool  devadon  and 
differential  are  summarized  in  Table  2.  While  there  is  natural  variadon  in  pool 
elevadtms  from  year  to  year,  the  variability  in  elevadon  and  in  differaitial  is 
smaller  than  one  might  expect  because  the  river  levd  is  amtrolled  by  dams 
upstream  and  downstream  for  flood  control. 

The  diaracterisdcs  of  river  flow  are  different  from  lock  to  lodr,  and  the 
annual  maximum  differaidal  does  not  necessarily  coincide  with  the  maximum 
pool.  At  LD’s  24  and  25,  for  example,  the  annual  maximum  diffetendal  often 
occurs  at  the  same  dme  as  the  maximum  pod,  whereas  at  LD  27,  diey  rarely 
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Tabte2 

Slatlatlet  for  Hydrostatic  Loads 


Paal 

Dlllwamlal  1 

LO 

Vaafa 

Maan 

SO 

COV 

naan 

80 

COV  1 

24 

48 

451 

2.8 

0.01 

13.8 

OM 

0.07 

25 

48 

437 

2.9 

0.01 

14.3 

1.25 

0.08 

I 

37 

417 

7.5 

0.02 

15.7 

2.85 

0.17 

1  CtwaiMni 

15 

388 

4.0 

0.01 

-  J 

occur  together.  The  mean  values  of  pool  elevation  and  mean  differentials 
shown  in  Tatde  2  are  dependent  on  the  site  of  die  LD.  They  are  of  less  inter¬ 
est  for  the  probabilistic  load  modeling  herein  ttum  Ihe  standard  deviations  (SD) 
or  coefficients  of  variation  (COV),  wtiidi  measure  the  relative  control  on  water 
level  provided  by  upstream  and  downstream  dams  and  directly  impact  the  vari¬ 
ability  in  die  load  dut  must  be  taken  into  accmmt  in  die  load  combination 
analj^s. 

The  randomness  in  F  and  /f,  can  be  inferred  feom  the  statistics  presented  in 
TaUe  2.  At  LD  27,  udiere  the  maximum  overall  force  is  associated  with  maxi¬ 
mum  pod,  the  CX)V  in  F  from  Equatkm  26  is  about  0.30,  whfle  die  variability 
in  Hg  femn  Equation  28  is  0.17.  At  LD’s  24  and  25,  where  maximum  force 
and  (Hessure  both  tend  to  be  associated  with  the  maximum  differential,  the 
CX)V’s  in  F  and  are  on  the  order  of  0.20  and  0.10,  respectivdy.  These 
observations  are  based  on  an  examination  of  data  at  only  three  sites.  Pending 
acquirition  of  additional  data,  die  COV  in  //,  and  F  is  set  equal  to  025;  this 
value  cmitains  an  allowance  for  load  modeling  uncertainty. 

The  hydrodynamic  load  and  equipment  load  Q  arise  during  operation  of 
the  miter  gates  from  fluid-structure  interactimi.  hffiter  gates  are  never  operated 
under  static  head,  and  thus  loads  //^  and  ^  are  mutually  exclusive  of  Hg. 

Water  level  (m  eadi  side  of  die  gate  is  equalized  before  die  movement  of  the 
gate  is  initiated.  and  Q  include  effects  of  frictitm,  wind  loads,  surges,  and 
hydraulic  drag.  Friction  and  wind  effects  normally  are  very  small  in  compar¬ 
ison  with  the  hydrodynamic  effects  due  to  fluid-strucmre  interaction  (Green, 
Muridiy,  and  Brown  1964).  Under  nonnal  operating  conditions,  the  effects  of 

and  Q  represent  a  statically  equilibrated  force  system.  These  loads  are  not 
uniform  in  time.  Uncertainty  in  Hj  and  Q  may  arise  from  variations  in  pool 
etevaucns,  which  affect  the  dqith  of  submergence,  from  surge  effects  caused 
by  movement  of  the  gates  or  overtravel  of  water  in  the  culvert  system  during 
Ailing  and  from  variations  in  the  angular  velocity  of  the  gate. 

Green,  Murphy,  and  Brown  (1964),  in  Technical  Report  (TR)  2-651,  sum¬ 
marize  the  results  of  tests  conducted  on  l:2()-scale  models  of  miter  gates. 

Three  different  types  of  operating  machinery  linkage  were  considered:  modi¬ 
fied  Ohio  River,  Panama,  and  Ohio  River.  To  conader  a  variety  of  operating 


ClMplw’4  Low! and RMiatwio*  Daw fw Lock SkuctuiM 


21 


conditians,  dqidi  of  submersence,  opoBtbig  time,  dumber  lengA.  bottom 
deanmoe  mder  gate,  and  pieaence  of  barges  in  the  diambm^  were  varied  inde¬ 
pendently.  These  model  studies  indtoate  that  the  hydrodynamic  effects  depend 
orimvily  on  die  migular  velodty  of  the  gate  leaf  and  the  dq)th  of  submer¬ 
gence.  and  thd  the  maximum  effects  u«udly  occur  as  the  gate  leaf  reaches  the 
mitered  position  upon  closure.  Plots  of  maximum  torque  versus  operating  time 
and  dqrdi  of  submergence  (e.g.  Plate  47  of  TR  2-651)  show  that  the  loads  are 
relatively  predictable  and  dqrend  primarily  on  the  velodty  of  the  gate  leaf  and 
the  depth  of  submergence,  b^  of  which  are  likely  to  be  known.  The  Appen¬ 
dix  to  TR  2-651  summarizes  the  results  of  scaled  model  (1*.25)  tests  conducted 
in  1942  for  the  Third  Locks  of  the  Pmunna  CanaL  Figures  7  and  8  of  that 
Appendix  show  the  torques  measured  during  openirig  and  closing  operatimis  at 
various  times  witti  basdine  conditions.  The  maximum  deviation  ftw  average 
in  four  tests  was  8.1  peroent  during  the  opening  operation  and  3.8  percent  dur¬ 
ing  the  closing  opera^tL  Using  these  data  with  Equation  10,  the  implied 
coefficient  of  variation  in  Q  would  be  about  0.05. 

This  varialnlity  in  Q  is  assodated  with  the  basic  hydrodynamic  effect,  since 
the  tests  were  conducted  under  baseline  conditions.  Additional  variability 
would  arise  from  variations  in  the  pool  devations  (submergence)  and  angular 
velocity  of  die  gate  leaf,  these  ad^donal  uncertainties  would  increase  the 
overall  variability  in  Hj  and  Q. 

The  Ddphi  pattidpants  were  requested  to  provide  information  on  the  differ- 
endal  in  water  level  as  the  gate  moves  through  the  water.  The  current  design 
value  is  6  ia  (154  nun).  On  the  basis  of  the  Dd(du  and  using  Equations  1 1 
through  15,  the  mean  differential  is  4.4  in.  (1 12  mm)  and  the  CX}V  is  0.53. 

This  value  represents  a  substantially  higher  uncertainty  in  Hd  than  that  indi¬ 
cated  from  the  modd  tests  discussed  above. 

If  there  is  a  submerged  obstruction,  the  bottom  of  the  gate  leaf  may  bind 
during  operation  while  die  operating  load  is  ai^ed  at  the  top  of  the  leaf, 
causing  die  gate  leaf  to  twist  In  this  case,  //^  and  (2  do  not  form  a  force  cou¬ 
lee.  The  maximum  twist  in  the  leaf  depends  on  the  maximum  operating 
equipment  load,  Q.  Operating  machinery  often  includes  a  safety  device  that 
li^ts  the  maximum  force  and  acts  as  a  structural  fuse.  Common  devices 
indude  shear  pins  that  are  attached  to  the  operating  strut  and  fail  at  a  certain 
force,  hydraulic  relief  valves  limiting  the  cylinder  pressure  supidied  to  the 
operating  strut,  and  overload  torque  devices  on  electric  motors.  The  maximum 
operatirtg  strut  force  is  si^pplied  to  the  structural  designer  by  the  mechanical 
engineer. 

Many  Ddphi  respondents  (59  of  108)  indicated  that  the  load-limiting  device 
on  their  gates  had  been  activated  at  some  time.  The  frequency  of  activation 
varied,  but  most  values  dted  ranged  from  1  in  1,(XX)  lockages  to  1  in 
100  lodca^.  Reasons  dted  included  debris  or  ice  caught  in  the  gate  bays, 
high  water  or  opening  against  a  head,  and  human  error.  Shear  pins  usually 
were  rqxirted  as  mild  steel  0.5  to  0.75  in.  (13  to  19  mm)  in  diameter.  The 
behavior  of  such  pins  is  reladvdy  predictable;  the  mean  and  coefficient  of 


22 


ChaptBf  4  Load  and  Rasistanoa  Data  for  Lock  Structures 


variation  in  liltimale  riiear  stiatgrii  are  idnut  1 times  the  nominal  » 
^v^bott  ^  (Galambos  et  aL  1982).  Hytbaulic  openaing  syriems  widi 
relief  valves  apparentty  are  most  common.  The  bdiavior  of  such  systems  is  at 
least  as  predictable  as  the  behavior  of  shear  pim.  Sources  of  vaiialnlity  arise 
from  po^ble  malfunctions  of  the  safety  relfef  valve  on  ttie  cylinder.  FCw  data 
were  rqmrted  on  torque  limits  for  electric  motors. 

Tenqporal  hydraulic  loads,  //,,  occur  due  to  temporary  variation  in  water 
level  and  wave  action  caused  by  tow  movement  in  the  lock  or  overfQling  or 
underfilling  die  lode  chanber.  These  loads  can  occur  while  the  gate  is  in  the 
mitered  or  open  positiorL  Delphi  partidpnts  were  asked  to  provide  inform¬ 
ation  on  both  cases.  The  currettt  design  vahie  for  any  cause  of  fffistSin. 

(381  mm). 

In  the  mitered  position,  /f,  can  occur  due  to  (werfill  or  underfill  of  the  lode 
dumber.  The  momentum  of  the  flowing  water  determfoes  wdiedier  die  cham¬ 
ber  is  flUed  or  enqrtied  to  dre  apfUDfuiate  level  Using  Equadons  11  tlooush 
15,  the  mean  and  coeffident  of  variation  for  overfill  were  5.4  inches  (137  mm) 
and  0.94;  for  underfill  3.8  in.  (97  nun)  and  1.03.  Waves  also  may  be  pro¬ 
duced  by  die  towboat  and  barge  as  the  lode  is  exited.  The  mean  and  coeffi¬ 
cient  of  variadon  were  12.0  irt  (305  mm)  and  0.76;  the  latter  mean  if,  is  the 
largest  value  of  all  those  rqmited. 

In  the  (^len  position,  may  occur  ftom  water  entrapmertt  as  the  gate  is 
moved  into  die  lode  wan  recess.  The  difference  in  water  devadon  bdiind  the 
gate  and  in  the  chamber  has  a  mean  value  isS  3.0  hi.  (76  mm)  and  a  coeffident 
of  variadon  of  0.87.  Waves  also  may  be  pudied  outward  toward  an  open  and 
recessed  gate  as  die  tow  enters  or  exits  die  lodL  The  mean  and  coefficient  of 
variadon  for  diis  event  are  6.4  in.  (163  mm)  and  0.88. 

The  means  for  temporal  head,  Nf,  fw  gates  in  the  open  positkm  are  sub- 
stmdaUy  less  than  for  gates  in  the  mitered  positioru  This  suggests  dut  H, 
should  be  treated  differendy  In  load  cmnMriadons  intended  to  be  applied  to 
(^len  and  mitered  gates;  in  particular,  (mitmed)  and  (open)  should  be 
qiecifled  in  sqiarate  load  combinations  a^ressing  these  conditions. 

Ice  and  mud  (denoted  C  and  M)  may  accumulate  on  a  miter  gate  and  act  as 
a  gravity  load  that  adds  to  the  wd^t  of  the  gate.  This  accumulation  causes 
twist  abrat  the  shear  center  of  the  gate  when  the  gate  is  not  in  the  mitered 
positioiL  A  significant  number  of  the  Delphi  lespraidents  believed  that  ice 
accumulation  is  a  significant  prddem,  both  on  updream  and  downstream  faces 
of  die  gate.  Most  accumulatirais  rqxnted  ranged  from  6  to  36  iiL  (152  to 
914  mm);  using  Equations  9  and  10,  the  mean  and  coeffic^t  of  variation 
would  be  21  iiL  (533  mm)  and  0.35.  Mud  and  silt  do  not  appear  to  be  as 
significant  a  craisideration;  accumulatirais  rqxirted  ranged  from  2  to  12  iiL 
(51  to  305  mm),  suggesting  a  mean  of  7  ia  (178  mm)  and  a  coefficient  of 
variatkm  of  0 36. 


ClM|ilar4  Load  and  RMiitMO*  Daw  for  Lock  Structum 


23 


In  addition  to  the  accumulation  of  ice  and  mud  cm  the  gate,  accumulation 
of  ke  sheets  in  the  water  on  either  side  of  the  gate  may  result  in  lateral  forces 
on  the  gate  due  to  lateral  expanskm  of  the  ice.  Many  Odphi  respondents 
(59  out  of  108)  indicated  thtt  this  is  a  potential  proUem.  An  analysis  of  their 
responses  suggests  that  the  mean  ice  thickness  is  10.1  in.  (257  mm)  and  the 
co^dent  of  variation  is  0.77. 


impact  loads 

Impact  loads.  Im.  arise  from  acddents  in  which  vessels  collide  with  lock 
structures.  Such  acddents  may  be  caused  by  misalignment  during  entry  or 
departure,  failure  of  steering  or  towing  accessories,  wind  and  current,  turbu- 
letice,  excessive  entry  velodty,  or  pilot  error.  Each  lockage  presents  an  impact 
hazard.  These  acddents  can  result  in  extensive  repairs  to  both  the  lock  and/or 
the  vessel  and  in  long  costly  delays.  Vessd  entry  is  the  most  critical  part  of  a 
lockage.  Proper  entry  vdodty  is  2-1/2  mph  (1.1  m/s)  or  less.  The  primary 
causes  of  accidents  iridude  excessive  speed  or  iruibility  to  stop;  mis^gnment 
of  the  tow;  faulty  communications  between  the  lockmaster  and  tow  operator, 
equipment  failure;  pilot  error,  surges  in  the  lock  chamber  due  to  filling  system; 
river  stage  and  discharge;  current  patterns;  and  visidlity  (Martin  and  Lifunski 
15)90;  Reuter  15)90).  The  Ddphi  rqmrted  71  instances  of  collision  over  an 
unspecified  period  of  time.  Most  of  these  collisions  involved  damage  to  the 
girders  or  the  skirqdate  of  the  gates. 

The  incidence  of  significant  impacts,  the  duration  of  the  impact  hazard,  and 
the  intensity  of  the  impact  are  required  for  event  combination  and  reliability 
analysis.  The  basis  for  the  data  on  impact  occurrence  is  the  records  kept  by 
each  USAGE  District  office  on  acddents  involving  damage  to  U.S.  Govern¬ 
ment  property  of  collisions  at  lodes  and  dams  within  the  individual  jurisdic- 
titms.  These  data  are  summarized  in  **Lock  aeddent  study,"  a  technical  report 
by  Martin  and  Lipinski  (1990).  Accident  data  reflecting  the  severity  and  fre¬ 
quency  of  vessel  collision  to  USAGE  lock  facilities,  specifically  to  miter  gates, 
were  collected. 

Data  on  acddents  involving  lock  structures  and,  in  particular,  miter  gates 
are  sununarized  for  several  heavily  used  rivers  in  Table  3.  These  data  present 
a  tough  overall  picture  of  ttie  incidence  of  aeddent  loads  and,  in  particular, 
those  affecting  miter  gates.  The  Mississii^i,  Illinois,  Ohio,  and  Tennessee 
rivers  are  considered  "high-use”  rivets,  while  the  Gumberland  River  (Cheatham 
Lock)  is  considered  a  "low/tnoderate  use"  river.  The  average  rate  of  accidents 
involving  miter  gates  at  lodts  on  the  Mississipix,  Illinois,  and  Ohio  rivers  is 
qjproximately  O.Ofi^ontti.  A  ma^rity  of  tiiese  acddents  involve  barge 
impact  Not  all  acddents  result  in  si^ficant  lock  downtime,  however. 

It  has  been  suggested  that  downstream  tows  carry  a  higher  impact  hazard 
tium  upstream  tows.  Data  obtained  independently  on  operation  of  the 
Derm^lis  Lock,  USAC£  District  Mobile,  over  the  1 1-year  period  1979 
tiirough  1989  (private  communication),  indicate  that  the  annual  number  of 
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Tables 

Accident  Incidence  Statlstice  by  River  System 


Mvar 

Looks 

No. 

■Look* 

Monltio 

Aeddonto  | 

All  Aoddanto 

J 

1 

Nunbsr 

Rato  (SBO*^) 

Number 

Rato  (aso*^) 

IWaw^a.  y|M 

RocklalMd 

12 

1,248 

124 

0.099 

76 

0.061 

8L  Louis 

4 

352 

97 

0.276 

58 

0.165 

SLPaul 

12 

1,500 

173 

0.129 

134 

0.089 

y  Total 

28 

3,100 

394 

0.127 

268 

0.086 _ 1 

1  Wneia 

8 

832 

21 

0.025 

9 

0.011  1 

B  Ohio 

1  Huntington 

6 

738 

84 

0.114 

55 

0.075  1 

B  LouisvMa 

8 

808 

52 

0.064 

25 

0.031  1 

B  PtttBbuigh 

6 

540 

32 

0.059 

tm 

“ 

1  Total 

20 

2,086 

168 

0.081 

80 

0.052  1 

1  Tannaoooo 

8 

576 

32 

0.056 

6 

0.010  1 

1  CundMriand 

1 

72 

1 

0.014 

0 

1 

upstream  and  downstream  tows  is  roughly  equal.  However,  the  annual  down¬ 
stream  tonnage  exceeded  upstream  tonnage  by  factois  ranging  from  2:1  to 
more  than  10:1  over  the  11-year  period.  Miter  gates  are  not  symmetric  -  the 
upstream  face  is  smooth  while  the  stiffeners  are  fabricated  on  the  downstream 
face.  It  is  assumed  that  for  data  analysis  and  design  {xiiposes  it  is  not  neces¬ 
sary  to  distinguish  between  upstream  and  downstream  tows.  Since  the  down¬ 
stream  and  upstream  tows  occur  more  or  less  unifonnly  over  the  year,  the 
difference  in  tonnage  downstream  and  upstream  simply  would  contribute  to  the 
variability  in  the  impact  load,  given  that  an  impact  occurs. 

Some  locks  are  more  hazardous  and  prone  to  accidents  because  of  their 
position  with  respect  to  the  chaiuiel.  turns  in  the  river,  current  outdrafts.  wind 
and  turbulence,  and  other  factors  noted  previously  (Reuter  1990).  Additional 
information  is  provided  by  considering  accident  statistics  at  specific  locks. 
Table  4  presents  the  same  infoimation  as  Table  3  for  the  six  locks  with  the 
highest  average  annual  damages  to  miter  gates  (Table  8  (Martin  and  Lipinski 
1990)).  The  five  Mississippi  River  locks  are  all  single-chamber  locks,  while 
the  Gallipolis  Lock  has  an  auxiliary  chamber.  These  locks  also  appear  in  lists 
of  the  lo^  with  the  most  number  of  accidents,  highest  average  cost  per  acci¬ 
dent.  or  highest  average  annual  damages,  and  with  the  most  damages  (Martin 
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Tibte4 

Acditent  Inddenoe  Stattetlet  for  High-Risk  Locks 


Mvar 

Look 

Loeic 

Montfia 

AR  AocManta 

Hkar  Qotao 

CalMQ  1 

No. 

Rato 

No. 

Rata 

(mo*') 

No. 

Rato 

(mo*') 

lisa. 

17 

104 

10 

0088 

8 

0.077 

4 

0.038 

21 

104 

8 

0077 

5 

0.048 

4 

0.038 

22 

104 

25 

0040 

18 

0.173 

5 

0.048  1 

24 

88 

26 

0098 

18 

0006 

3 

0.034  1 

25 

88 

29 

0029 

15 

0.170 

1 

0.011 

CMo 

Qanpola 

123 

52 

0.423 

33 

0.268 

7 

0.057 

and  Lipinski  1990).  The  **A11  accidents”  column  refers  to  total  accidents 
imrolving  lode  structures:  **Miter”  refers  to  acciderus  involving  miter  gates;  and 
**Cat/MG”  refers  to  those  accidents  having  damages  greater  than  $50,000  in 
whidi  the  miter  gate  was  strude.  Approximately  25  percent  of  tte  accidents 
Involving  miter  gates  fall  in  the  ”Cid/MG”  category.  Assuming  that  these  per- 
centages  apply  to  locks  in  generaL  the  mean  rate  of  occurrence  of  structurally 
significant  aeddents  to  miter  gates  is  approximately  0.016An(»ith.  or  about  1 
every  5  years.  Aedderus  over  $50,000  accounted  for  77  percent  of  total  dam¬ 
ages,  and  over  72  percent  of  such  aeddents  involve  miter  gates. 

The  force  due  to  tow  impact  depends  cm  the  mass  of  the  tow  and  its 
velodty  at  impending  oollisicm.  Because  of  the  limited  data  avadaUe  to 
describe  these  parameters,  several  questions  on  the  Delphi  were  designed  to 
elidt  this  information.  Included  woe  queries  on  the  number  of  barges  per 
lodcage,  fractions  of  barges  that  were  partially  full,  or  empty  of  cargo, 
weight  of  a  fiiUy  loaded  barge,  and  initial  and  terminal  velodty  of  the  tow  in 
die  lock  chambw.  A  large  amourtt  of  data  were  generated  in  response  to  these 
queries,  and  it  was  not  possible  to  analyze  these  data  completely  in  the  course 
of  this  study.  It  is  dear,  however,  that  impact  should  be  treated  as  a  concen¬ 
trated  force  in  design  radter  than  as  a  uniformly  distributed  load,  as  is  current 
practice. 

The  total  mass  (weight)  of  a  tow  in  the  lock  is  modeled  as 
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where 

»  wei^  of  an  individual  bai]ge 

»  number  of  baizes  comprising  die  tow 

Both  and  are  random  variaUes.  The  mean  and  variance  of  Wj  are 
(Benjamin  and  Comeil  1970) 

-  Nb  Wbi 


(31) 


in  ^ch  Wbi  are  mean  values  and  and  are  variances  of  Nf,  and 
W^j.  Note  that  randonuiess  in  both  W^j  and  contribute  to  the  overall  uncer¬ 
tainty  in  Wj. 

A  standard  barge  measures  35  by  195  ft  (10.7  by  59.4  m)  and,  when  fully 
loaded,  draws  9  ft  (2.74  m);  ^riien  empty,  die  barge  draws  1.5  ft  (0.46  m). 
Thus,  die  cargo  capacity  of  a  ftilly  loaded  barge  is  q)proximately  1,500  tons; 
the  empty  baige  disfdaces  about  290  tons.  The  randomness  in  the  wei^t  of 
an  individual  barge  arises  from  its  overall  oqiacity,  density  of  cargo,  and  the 
percentage  of  barge  ctqiacity  taken  up  by  cargo.  The  mean  and  variance  in  W/, 
were  obtained  finom  the  lock  operator  responses  to  questkms  concerning  the 
relative  percentage  of  fully  or  partially  loaded  barges  passing  through  the  lock 
and  the  type  of  barge.  Taking  into  account  die  fact  that  some  barges  are  fully 
loaded  tridle  others  are  not,  die  overall  mean  and  standard  deviation  in  indi¬ 
vidual  barge  wei^  ftrr  all  locks  reporting  such  wei^its  in  the  Delphi  were 
870  tms  (7.89  x  10^  kg)  and  303  tons,  respectively;  the  COV  is  0.35.  Exami- 
nadcm  of  subsets  of  die  data  led  to  similar  values.  For  example,  in  subset  (1), 
10  lodes  measuring  110  by  6(X)  ft  cm  the  Mississij^i  River,  St  Paul  District 
were  conddeied.  Fot  this  subset  the  mean  and  standard  deviation  in  Wy  were 
911  and  120  ttms,  respectively.  In  subset  (2),  10  locks  measuring  110  by 
600  ft  on  die  Mississippi  River,  Rode  Island  IKstrict  were  considered.  For 
dds  subset  the  mean  and  standard  deviation  in  Wj,  were  986  and  298  tons, 
reqrectivdy.  Both  subsets  correspond  to  high-use  rivers. 
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A  brief  examination  of  data  iqnrted  for  other  rivers  and  districts  did  not 
any  significant  variations  in  the  statistics  of  individiial  baige  unit 
weirds.  These  biife  weigids  are  consisteid  with  those  summarized  in 
Table  4.1  (Maitin  and  Lipinski  1990);  at  LD  25.  for  exanqde.  the  unit  baise 
weight  rqmited  in  1986  was  1.002  t/baige.  Additional  data  on  baige  mass 
were  obtained  fiom  an  independent  survey  by  USAGE  personnel  (Chasten 
1992a)  of  48  lockages  at  h)^  on  die  (%io.  Kanavriia.  and  Tombigbee  Rivers 
with  duunber  lengths  tanging  fixxn  360  ft  (110  m)  to  IJKX)  ft  (366  m).  The 
mean  and  standard  deviation  of  barge  wei^  for  downstream  kiduges  was 
1.361  t/baige  and  623  t/baige.  reqpecdvdy.  For  upstream  loduges.  die  mean 
and  standard  devidion  were  659  tAMUge  sikI  703  t/bsige.  respectivdy.  die  hi^ 
standard  deviation  is  due  to  the  faa  that  many  of  die  barges  were  empty.  The 
ovmll  tonnage  in  each  lodcage  dearly  was  dependem  on  die  Iragth  of  the 
lode;  thus,  it  would  be  reasonable  to  assume  dud  the  total  mass  at  impact  is 
linearly  proportional  to  the  dumber  lengdi  for  chambers  of  the  same  widdL 

The  number  of  barges  in  a  lockage.  deariy  dqieiKted  on  the  dimensimis 
of  the  chamber,  and  the  mean  and  variance  in  are  similarly  dqiendenL 
Chamber  sizes  in  the  Delphi  varied  fiom  56  by  360  ft  (17.1  by  109.7  m)  to 
1 10  by  1.200  ft  (33.5  by  365.8  m).  The  lockmasters  partidpating  in  the  Dd- 
phi  prided  estimates  on  the  ftequei^  of  die  numter  of  barges  per  lockage. 
Them  data  can  be  used  to  detenu^  and  Wj-  and  Wt  follow 
direedy  fiom  Equations  30  and  31.  However,  the  numbm-  of  barges  per  lodc¬ 
age  reported  in  the  De^ihi  fiequendy  ranged  fiom  1  to  15  in  1 10-  by  600-ft 
lodes  that  cannot  admit  more  dun  9  barges  per  lockage.  In  such  cases,  the 
data  were  renormalized  by  apportioning  die  barges  to  two  successive  lockages: 
die  first  consisting  of  nine  barges  and  the  second  consisting  of  die  the  remain- 
iiig  barges  (fdus  the  towboat).  For  dda  subset  (1)  above,  fFj-  s  6,031  tons  and 
~  ^  coeffident  of  varidkm  is  0.39.  For  data  subset  (2) 

a^e,iFj  s  6,863  tons  and  Oky  2.242  Urns;  the  coeffidertt  of  variatkxi  is 
0.33.  To  this,  of  course,  must  be  added  the  weigitt  of  die  empty  barges  in 
computing  the  total  mass  invdved  in  the  impact  Tlies^values  are  hi^r  than 
those  imfdied  fiom  the  data  in  Tatde  1;  at  LD  25,  e.g-.l^j-  averages 
5,968  tfiockage.  Additiorul  data  was  provided  for  the  Demopolis  Lock  during 
1979-89.  The  lock  dumber  at  Drax^lis  measures  1 10  by  600  ft,  admitting  a 
maximum  of  nine  barges/lodcage.  The  mean  and  standard  deviation  of  esti¬ 
mated  toraugeAow  downstream  was  6,615  and  595  tons,  respectivdy.  Data 
rqmrted  fiom  the  same  lock  (Chasten  1992a)  on  12  downstream  locJcages 
showed  that  die  mean  and  standard  tfeviation  were  7,1 17  and  3,143  tons, 
respectivdy.  aearty,  more  work  is  required  to  evaluate  statistics  of  mass  at 
impact. 

The  lock  operators  were  asked  to  provide  infoimatkm  on  die  entry  and 
rqiproadi  velocity  of  tows  in  the  lock.  The  entry  vdodty  avmaged  2.9  ft/s 
(0.88  m/s),  with  a  COV  of  0J6.  The  i^iproach  vdodty  averaged  2.2  fl/s 
(0.66m/s),  with  a  COV  of  0.62.  The  kinetic  energy  of  the  tow  is  proportional 
to  the  square  of  its  velocity,  aid  dnis  die  coeffident  of  variatkm  in  kinetic 
energy  at  impending  impact  may  be  over  100  percent  if  these  estimates  are  to 
be  believed.  Additimul  confirmation  of  these  values  was  obtained  fitun  an 
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itMtopMvtent  survey  of  barge  tow  velocity  measurements  (Chasten  1992a).  The 
mean  entry  velocity  ranged  from  1.8  to  3.4  ft/s  (12  to  2.3  mph).  consistent 
with  prudent  navigation.  The  terminal  (approach)  velocity  is  defined  as  the 
tow  velocity  in  the  last  50  to  100  ft  (15  to  30  m)  of  the  lock.  Ihe  weighted 
mean  and  COV  in  terminal  velocity  are  1.26  fi/s  and  0.42,  respectively. 
Interestingly,  neidier  the  entry  nor  the  terminal  velocity  depended  rni  the  length 
of  the  lock. 

A  set  of  barge  impact  tests  were  conducted  recently  at  LD  26  on  the 
Mississippi  River.  Ihe  miter  gates  at  LD  26  are  vertically  framed.  Table  5 
summarizes  the  loads  measured  fiom  a  fully  loaded  nine-barge  tow  of  approxi¬ 
mately  15,000  tons  ((^hasten  and  Ruf  1991). 


These  tests  were  conducted  at  very  low  velocities  to  avoid  permaiwnt  damage 
to  the  miter  gates.  Unfortunately,  the  relation  between  impaa  force  and  veloc¬ 
ity  in  TaUe  5  is  not  linear,  making  it  difficult  to  determine  forces  due  to  Ore 
termirral  velocities  repotted  in  the  Delphi  by  extr^lation. 


Dead  load 

The  dead  load  consists  of  the  weight  of  the  miter  gate.  In  contrast  to  the 
dead  load  in  building  structures,  where  nonstructural  attachments  are  the  main 
source  of  variability  in  dead  load,  miter  gates  are  well  defined  as  structures 
and  Oieir  dead  loads  are  quite  predictable.  Accordingly,  Ore  dead  load  is 
assumed  to  be  described  by  a  normal  distribution,  wiUr  a  mean  value  equal  to 
1.0  Dq,  where  D^  is  the  nominal  dead  load  and  a  coefficient  of  variation  takor 
as  equal  to  0.05. 


Live  loads 

Live  loads  are  due  to  the  weight  of  moveable  equipment  and  attachments 
and  individuals  and  their  possessions.  Live  loads  are  not  significant  in  design 
of  miter  gates,  and  thus  need  not  appear  in  the  load  combinations.  For  appur¬ 
tenant  structures,  the  load  combination  for  live  loads  rqrpearing  in  ASCE  7-88 
(ASCE  1990)  is  recommended. 
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Earthquake  loads 


Eaidiquake  effects  on  building  stnictuies  usually  are  detennined  usii%  an 
eqidvalent  static-for-dynamic  analysis  in  whidi  a  biue  shear  is  computed  feom 
the  aeismic  hazard  and  general  structural  characteristics,  and  finom  it  a  distiibu- 
tion  of  lateral  Ibrees  is  detennined  in  a  m«»er  consistent  with  die  fundamental 
mode  diqie  of  the  atructuit.  In  the  new  NEHRP  provisions  (Federal  Emo'* 
fmcy  Maiagement  Agency  (FEMA)  1992),  this  base  diear  is  determined  as 

V  •CgW  (32) 


where 

Cg  s  aeismic  design  coefficient 
W  s  total  dead  load  and  portions  of  other  loads 
Coefficient  is  defined  as 

C,  »  1.2  A,  S/RT^  <  2.5  IR  (33) 


where 

and  Ay  «  effective  peak  acceleratitm  and  velocity-related  accelerations 
determined  from  seismic  ground  acceleration  maps  or  site- 
qiecific  seismic  hazard  analysis 

S  «  coefficient  for  soil  profile  characteristics 

R  s  structural  response  modification  factor 

T  s  fundamental  period  of  the  structure 

The  coefficient,  Cg,  is  tantamount  to  an  inelastic  yield  spectrum  for  an  oscilla¬ 
tor  with  5  percent  damping.  For  hydraulic  structures,  the  seismic  hazard  anal¬ 
ysis  is  used  to  determine  a  value  of  acceleration;  inertial  hydrodynamic  forces 
on  the  gate  resulting  from  the  design  grmmd  motion  are  determined  from 
Westergaard’s  equation  (Westergaard  1933;  (Thiarito  and  Morgan  1991) 


p(y)  -  0.875  7^  Ay  M 


(34) 
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wheie 


•  density  of  water 

A,  B  vdocity-idated  effective  peak  ground  acceleratian  (expressed  in  units 
of  gravitational  acceleration,  g) 

//spool  depth 

y  s  dq)th  below  pool  surface 

It  is  apparent  dud  the  basic  seismic  hazard  analysis  is  a  key  ingrediott  in 
die  analysis  of  earthquake  force,  regardless  of  whidi  of  these  two  approaches 
is  tidcen.  Research  in  earthqu^-resi^ant  deagn  during  the  past  IS  years  has 
erudded  seismic  hazard  analysis  and  design  groimd  motions  at  a  partbnilar  site 
to  be  placed  on  a  probaldlistic  basis  (Algermissen  et  al.  1982).  Earthquake 
hazards  in  the  western  United  States  generally  can  be  associated  with  a  series 
of  capatde  faults.  Sudi  faults  are  not  apparent  in  the  eastern  United  States, 
and  the  seismic  hazard  analysis  there  begins  with  an  identification  of  postu¬ 
lated  seismic  source  zones.  Seismicity  is  determined  within  these  zones  of 
potential  future  earthquake  occurrence,  and  mean  rates  of  occurrence  of  earth¬ 
quakes  of  various  ma^tudes  (or  intensities)  are  identified.  Attenuation  fonc- 
ticms  relating  peak  ground  acceleration  to  magnitude  and  epicentral  distance 
are  used  to  relate  the  earthquake  ground  motion  at  the  building  site  to  tiie 
magnitude  or  intensity  at  the  source.  Finally,  a  [uxibability  distribution  of 
effective  peak  pound  acceleration  at  foe  ate  is  determined  by  summing  (inte¬ 
grating)  over  all  possiUe  earthquake  sources  and  magnitudes  consistent  with 
each  underlying  source  hypothesis.  The  result  is  usuaUy  presented  as  a  com¬ 
plementary  cumulative  di^bution  function,  G^(a),  or  seismic  hazard  curve, 
showing  the  annual  probatnlity  of  exceeding  a  specified  ground  acceleration. 

Typical  seismic  hazard  curves  for  building  sites  in  the  vrestem  United 
States  and  the  eastern  United  States  ate  compared  in  Rguie  6.  For  moderate 
acceleratimis  a  seismic  hazard  curve  can  be  described  by  a  Type  n  distribution 
of  largest  values  (Cornell  1968). 


(fl)  *  1  -  (a)  *  1  -  exp[-ia/u)~^] 


where 

Fj^(a)  -  cumulative  distribution  function  of  effective  peak  ground 
acceleration 

a  s  ground  acceleratitm  u  and  a  are  param^rs  of  the  distribution, 
as  described  below 
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Parameter  a  deteimines  die  sk^  of  the  hazard  curve.  The  curve  in  the 
eastern  United  States  is  mudi  flatter  (smaUer  a)  than  that  in  die  western 
United  States  (see  Hgure  6);  this  is  because  of  the  rehtfively  larger  uncertainty 
associated  with  eastern  seismicity  due  to  die  absence  of  lar;^  historical  events 
during  the  period  of  modem  instrumentation.  The  western  U.  S.  hazard  curve 
saturates  at  acceletation  levels  on  die  order  of  1.2  to  1.8  times  the  design 
eardiqiudce;  in  die  eastern  United  Stttes,  the  smiradon  levd  is  unknown  but  is 
believed  to  be  on  the  order  of  2.0  to  3.0  times  the  design  earthquake. 


Figure  6.  Typical  seismic  hazard  curves 

Parameter  a  is  related  to  the  coefficient  of  variadm  in  annual  maximum 
effective  peak  acceleration.  The  seismic  hazard  analyses  (Algennissen  et  al. 
1982)  on  idiich  the  NEHRP  Recmiimended  Provisirais  for  Seismic  Regulations 
(FEMA  1992)  are  based  indicate  that  a  tends  to  be  larger  for  sites  in  the  west¬ 
ern  United  States,  decreasing  flom  about  5.5  (COV  =  0.28)  at  San  Francisco, 
CA,  to  qiproximately  2.3  (COV  =  1.38)  at  Boston,  MA,  and  Memphis,  TN. 
The  latter  coefficient  of  variation  is  substantially  larger  than  coefficients  of 
variation  in  other  loads  considered  in  the  load  cmnbinations. 
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The  NEHRP  Recommended  Provisions  are  being  adopted,  with  minor  vari¬ 
ants,  by  ASCE  Standaid  Committee  7  for  its  levisfon  to  foe  Standaid  on 
Structural  Loads  and  by  foe  Nfodd  Codes.  The  design  earthquake  envisioned 
for  buildings,  as  reflected  in  the  design  ground  motion  contour  nufs,  is  based 
on  a  ^wcified  probability  of  0.10  or  less  of  bdng  exceeded  in  50  years;  fois 
ctme^xmds  to  a  mean  recurrence  interval  of  about  475  years.  This  probability 
is  much  less  than  the  probabilities  of  exceedirrg  the  design  snow  or  wind  loads 
in  ASCE  7-88  (ASCE  1990),  ufoidi  are  0.01  to  0.02  on  an  annual  basis. 
Earthquakes  with  magnitudes  less  than  ML  s  4.0  or  Metcalli  intensities  less 
than  V  were  not  ccmsidered  in  evduating  seismidty  for  fois  map,  because  it 
was  bdieved  that  their  capability  for  causing  structural  damage  was  negligiUe. 
The  uncertainty  in  the  earthquake  effect  is  vested  in  fois  conservative  spedff- 
catkm  of  foe  structural  acticm,  E,  due  to  foe  earthquake.  As  a  result,  foe  load 
factor  on  E  in  foe  NEHRP  Recommended  Proviri^  is  set  equal  to  1.0  rather 
than  a  greater  value. 

The  design  earfoquake  proposed  fw  USAGE  hydraulic  struchires  reportedly 
is  based  on  a  probability  of  50  percent  of  being  exceeded  in  100  years,  corre¬ 
sponding  to  a  mean  recurrence  interval  of  about  145  years.  Under  foe  assump- 
ti<Hi  that  the  seismic  hazard  is  described  by  a  Type  n  distributkm  of  largest 
values,  two  mean  recurrence  intervals  N;  and  N2  and  corresponding  effective 
peak  ground  accelerations  U;  and  can  be  related  by 


Nj/Ni  •  (oj/aif 


(36) 


For  example,  if  a  s  2.3,  foe  NEHRP  and  USAGE  design-basis  ground  motions 
would  be  related  by 


1 

^NEHRP  *  *^USACE  (475/145)®  -  1.68  Uusj^cE 


(37) 


If  a  =  5.5,  foe  NEHRP  and  USAGE  design-basis  ground  motions  would  be 
related  by 


^NEHRP  *  ^USACE  (475/145)  ®  *  1.24  augj^cE 


In  the  eastern  United  States,  the  selection  of  a  design  earthquake  ground 
motion  has  a  more  substantial  impact  on  the  economics  of  design  because  the 
seismic  hazard  curve  is  so  flat 

There  has  been  substantial  research  in  earfoquake-resistant  design  since  the 
San  Fernando  earfoquake  of  1971  began  accelerating  developments  in  this 
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area.  Moat  of  this  reaeaich  has  shown  that  the  eaithquake  liazaid  tends  to  be 
MiMtiwcrilwitM  The  recuirence  intervals  between  lai^e  events  in  the  eastern 
United  Sttees  are  large  because  die  hazard  curves  are  flat,  and  as  a  result  mote 
easterners  have  litde  or  no  expertence  widi  eaidiquakes.  Nonetheless,  die 
dmay-  potential  is  there;  the  consequences,  economic  and  odierwise.  of  lode 
and  dam  ftelure  should  be  considered  carefully  in  aettiiig  die  design  criteria. 


Other  environmental  loade 

Loads  doe  to  snow.  wind,  tnnperature.  and  sdf-stiaining  actions  generally 
are  not  significartt  in  the  design  of  miter  gates.  For  appurtenant  structures,  the 
load  combination  for  diese  loads  iqipeating  in  ASCE  7>88  (ASCE  1990)  is 
recommended. 


Summary 

Table  6  sununarizes  the  mean  occurrence  rates,  duratums  and  statistics  of 
Hg,  and  and  I„  based  on  die  data  summarized.  Figure  4  shows  the 
idealizations  for  the  load  pulse  idealizations  used  in  the  subsequent  strucmral 
reliability  analysis.  The  hydrostatic  load,  Hg,  has  been  idealized  in  time  by  a 
unifonn  rather  dian  a  tnqiezoidal  pulse  for  simidicity.  Note  that  the  mean 
occurrence  rate  of  Hg  is  the  number  of  lodcages  per  year  divided  by  2  (assum¬ 
ing  upstream  and  downstream  lockages  altemate),  while  the  mean  occurrence 
rtee  of  and  (2  Is  the  total  number  of  lockages  (each  gate  mute  be  operated 
for  eadi  lockage). 


1  Table  6  1 

1  Load  Statlatics  | 

1 

Rala(aio-I) 

Puiallow 

Moan 

cov 

p.d.t 

1  D 

• 

SOyr 

1.0  Dn 

0.05 

Nomui 

1 

200 

90  min 

0  »  »m 

0.25 

Typal 

I  H^Q(aqui) 

400 

2min 

07 

0.53 

Typal 

n  Q(obcar.) 

0.4 

1  min 

1-25  On 

0.10 

Typal 

400 

2min 

0.8 

0.76 

Typal 

1  ^ 

400 

2  min 

0.43  fV 

0.88 

Typal 

In. 

0.016 

15  MC 

1-0  i„„ 

na 

Typal 

The  nominal  values,  denoted  with  subscript  **0",  ate  assumed  to  be  those 
defined  in  EM  1110-2-2703  (Headquarters,  Department  of  the  Army  1984).  If 
these  were  to  diange  at  some  future  time,  the  mean  values  in  Table  6  also 
would  change.  It  is  assumed  that  a  best  estimate  of  impad  force  would  be 
used  for  design. 

The  statistical  data  summarized  in  Table  6  on  mean  rate  and  duration  of 
significant  load  events  can  be  used  to  screen  certain  event  combinatitms  from 
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subsequent  ccnsidefitioa  I^euunple.ooiKklerllieoombinationofeailh' 
quake  with  gtfe  operation  CkMds  H|. //^  snd  C).  The  mean  dunuion  of  tfiese 
events  is  qiproxtanately  2  min  (3.8^  x  lOr^  yr)  and  they  occur  at  a  rate  of 
4.80(yyr.  If  the  mean  rate  of  occunenoe  and  durtfion  of  a  significant  (greatra- 
than  ML  •  4)  eaifliquake  is  assumed  to  be  (XlO/jn*  and  30  sec  (9.506  x 
lOr^  yr),  Eqiudion  23  can  be  used  to  riiow  thm  the  mean  rate  of  a  coincidence 
of  earftquake  widi  gate  operation  is 

-  (4,800X0.1X3.8  X  10“*  ♦  9.51  x  lO"’  ) 

^  (39) 

-  2.29  X  10”V 


Stmilaily,  significant  impacts  occur  at  0.016^o  or  0.19/yr  and  have  a  duration 
of  15  sec  (4.75  x  lO'^/yr)  or  less.  The  mean  rate  of  coincidence  of  eaithquake 
and  impact  is 


VjjE  •  (0.19X0.1X4.75  ♦  9J1)  X  lO""^ 
-  2.71  X  10‘*y!yr 


(40) 


The  mean  rates  of  occurrence  of  combined  loads  due  to  these  effects  are  veiy 
small  in  comparison  to  those  loads  assodated  witti  nonnal  gate  tarnation, 
udiidi  Really  occur  cm  die  order  of  4,000  to  5,000  times^.  the  other 
hand,  die  mean  rate  of  occurrence  and  duration  of  Hs  are  2,4(XVyr  and  90  min 
(1.71 1  X  lO^yr).  Accordingly,  die  mem  coincidence  rate  of  Nj  and  E 
becomes 


-  2,400(0.10X1.171  X  10"^  ♦  9.506  x  10"^)  -  0.0413/yr  (41) 


This  mean  rate  is  sufficiendy  high  that  //,  and  £  should  be  considered  in 
OHnbination. 


Structural  Resistance  of  Steel  Shapes  and  Plates 

Pnq;)eriies  of  stmetund  steel  required  for  stnictural  reliability  analysis 
include  the  yield  strength  and  modulus  of  elasticity.  The  existing  literature  on 
this  subject  for  ccxnmon  grades  of  stractural  steel  was  reviewed  in  dqith  as 
part  of  the  effort  to  devdop  load  and  resistance  factor  design  for  steel 
structures  (Galambos  and  Ravindra  1978).  These  data  are  summarized  in 
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Tklde7.  PiobabiUty  dlstribotkins  of  inecfaaiical  propeitks  of  steel  typically 
are  dcew<iMMttive,  and  die  lognonnal  diatrflMtion  has  been  a  satisfacttwy  model 
in  pievious  studies. 


TabtoT 

Slattoties  of  Tontlte  Proportlot  of  Stool  Ptolo  ond  Shopeo 

Maa. 

oov 

FktfipM  in  voNsd  shnpns 

1.06^ 

0.10 

Ptalaa,  aMba  in  roM  ahapaa 

1.10^ 

0.11 

PIstsSi  flsnQSs 

1.10  Pi 

0.11 

Ptalaa 

s 

0.64  Fy 

0.10 

Tanaion  ooupon.  atub  oolumn 

E 

28  bai 

0.06 

Tanahm,  oomptaaaion  coupon 

Poiaaon'a  laNo 

OJ 

0.03 

Strengtti  pnqrerties  depend  m  the  rate  of  load.  For  mill  test  omditions,  the 
yidd  strength  is  someudiat  hi^ier  dian  is  drained  under  so-called  static  load 
omditians.  All  data  presented  in  Talde  7  have  beat  corrected  to  a  static  rate 
of  load. 

Additiorud  data  was  located  on  strength  of  SA516/Gnde  60  carbon  steel 
plate  used  as  a  liner  in  nuclear  power  jdaitt  containments.  FOr  1/4-irL‘thidc 
plate,  the  mean,  standard  deviation  and  ooefBcient  of  variation  in  yield  strength 
were  48.5  ksi,  3.3  ksi,  and  0.07,  rei^KCtively  (122  samfdes).  FOr  l/2-m.-thick 
[date,  the  mean,  standard  devirttion  sid  coefficient  of  variation  in  yidd  strength 
were  42.1  ksi,  2.6  ksi,  and  0.06,  reqrectivdy  (48  sanqdes).  The  qr^fied  yidd, 
Fy,  for  this  material  is  32  ksi.  The  lognormd  distribution  provirM  the  b(^  fit 
to  the  data  of  several  oonunon  distributions  tested  statistically. 

Structural  resistance  used  in  LRFD  is  defined  in  terms  of  the  structural 
action  or  limit  stale.  For  example,  the  resistance  for  the  limit  states  of  tension, 
flexure,  shear,  and  compression  are  summarized  in  the  following: 


Tension: 

Inelastic  deformation:  R  =  R  A 

Net  sectitm  fracture:  R  s  F^  Ae 

Ftexure: 

Formation  of  plastic  hinge 
in  compact  bean:  R  s  Fy  Z, 

Compressim: 

Instaldlity:  R  =  F„  A 

foelasdc  deformation:  R  »  Fy  A 

Shear 

Yielding:  R  =  F^  A^ 


Odier  limit  states  are  expressed  similarly.  Statistics  to  describe  strengttis  of 
structural  sluqres  and  [dates  for  various  limit  states  can  be  devdoped  from  the 
statistics  [xesented  in  Talde  7.  The  resistance  statistics  in  Table  8  are  typical 
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TabtoS 

Rtairtanca  Statistict  for  Staal  Mambaia  and  Componanta 


for  hot-rolled  steel  and  wdded^late  gifder  ^nictural  members.  In  this  taUe, 
die  strengdis  F^,  F,,  and  and  sectitm  pn^Kities  A,  S,  and  Z  aie  diose 
MMninally  spedfied  by  AISC  for  design. 
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5  Development  of 

Probability-Based  Design 
Requirements 


Reliability  Associated  with  ASD 

Rdiabttity  indices  P  associated  with  existing  design  criteria  provide  bendi- 
marks  for  the  develt^xnent  of  new  probability-based  load  combinations.  Expe- 
rioioe  with  ordinary  building  structures  has  revealed  that  the  p’s  for  existing 
criteria  vary  over  a  considerable  range,  reflecting  die  fact  that  past  codes  and 
standards  have  not  dealt  with  uncertainty  in  a  consistent  fashion  (Galambos  et 
aL  1982).  One  simple  illustration  of  this  point  is  the  treatment  of  dead  load  in 
comluruuion  widi  odier  loads  in  ASD.  It  might  be  observed  fiom  Equation  1 
that  die  same  factor  of  safety  is  qijdied  to  dead  load  and  to  other  variable 
loads  in  the  combinadoiL  However,  dead  loads  are  relatively  predictaUe. 
whereas  qieiating  and  environmental  loads  can  be  hi^y  unp^ictahle  (uncer¬ 
tain).  Consequently,  the  likelihood  of  failure  in  structures  in  which  overki 
stress  is  dead  load  dominated  is  mudi  less  than  in  structures  vriiere  the  major 
portitm  of  the  stress  arises  from  operational  loads  that  may  vary  in  time. 

To  illustrate  the  calibration  pro^ss.  we  consider  a  cmnpact  flexural  mem¬ 
ber  in  a  gate,  for  whidi  die  limit  state  is  the  foraiation  of  the  first  plastic 
hinge.  It  is  assumed  in  this  fllu^ration  that  the  combination  of  hydrostatic  and 
temporal  head  governs  the  desigrL  This  component  is  designed  by  ASD  using 
the  current  requirements  in  EM  1110-1-2101  and  EM  1110-2-2703  (Head¬ 
quarters.  Deps^ent  of  the  Army  1972  and  1984,  respectively) 


5/6  F„ 


(42) 


where 


Ff,  and  5^^ «  allowable  stress  and  elastic  section  modulus  from  the  AISC 
Specification 
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and  >  ftnoe  lesultaitts  in  the  flexural  member  from  nominal 
(code-specified)  hydioshdic  and  temporai  head 

CThe  subscript  **ii”  has  been  tq)pended  to  the  forces  to  emphasize  that  these  are 
nnmiMl  forces  lafoer  than  random  variatdes.)  The  factor  S/6  is  required  by 
EM  1110-1-2101;  although  the  basis  for  this  factor  is  uncertain,  it  is  believed 
to  reflect  foe  severity  of  the  operating  environment  for  lock  stractures  and  the 
possibility  of  material  deterioiation  over  time.  A  flexural  element  that  satisfies 
the  code  requirements  is  obtained  from  Equation  42  as 

S,  i  +  H^5/6Ft)  (43) 


The  limit  state  for  this  member  is  given  by  (cf  Equation  3) 
G(  )  -  F,  Zj,  0 


(44) 


Mibctt 


Fy  s  yield  strength 

Zji  s  {dastic  section  modulus 

Hg  and  H, »  random  forces  from  hydrostatic  and  temporal  head 

Observing  that  typically  is  about  1.12  for  W-shapes,  the  limit-state  equa¬ 
tion  for  a  flexural  member  designed  according  to  code  is  defined  by  substi¬ 
tuting  Sg  from  Equation  43  into  Equation  44 

1.344  (//„  FyfF^-Hg-H,^0  (45) 


The  reliability  index  associated  with  the  current  code  requirement  (Equa¬ 
tion  43)  now  can  be  determined  by  first-oixter  methods  ^age  6),  using  the  load 
aixl  resistance  statistics  summarized  in  Tables  6  and  8. 

Consider  a  design  situation  in  which  the  structural  effect  of  Hg„  ranges 
from  1  to  25  times  Hp,.  The  latter  situation  might  exist  for  foe  submei;ged 
lower  girders  on  the  miter  gate.  The  results  of  foe  FO  reliability  analysis  are 
presertted  in  Bgure  7  as  the  curve  labeled  ASD.  In  the  limiting  case  in  which 
foe  structural  action  arises  almost  entirely  from  P  =  3.1.  The  P’s  are 
lower  for  low  Hg^Hp,  because  Hp,  is  relatively  more  important  in  foe  load 
combination  and  its  coefficient  of  variation  is  substantially  larger  than  foe 
coefficient  of  variation  in  Hg.  When  Hp,  •  //,„.  relevant  for  girders  in  foe 
partially  submerged  upper  portions  of  a  gate,  p  =  2.7. 
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Figure  7.  ReaMiA)Hty  indoes  for  flexural  members  designed  by  ASD  and  by  LRFD 


To  establish  a  frame  of  lefeience  for  these  reliability  indices,  an  FO  rdia- 
bility  analysis  of  simfdy  sig)poited  compact  steel  beams  designed  by  ASD  for 
the  combination  of  d^  (dus  live  load  leads  to  p’s  ttiat  decrease  from  about 
3.0  to  about  2.2  (SO-year  basis)  as  increases  from  about  0.5  to  4 
(Galambos  et  al.  1982).  On  a  comparaUe  l>year  basis,  these  b’s  would  be 
approximately  4.1  to  3.4,  assuming  the  loads  to  be  statistically  independent 
events. 


Probability-Based  Load  Criteria 

The  basis  for  the  load  combination  analysis  is  the  probabiliQr  distributitm  of 
the  maximum,  of  a  sum  of  time-depaident  stnictund  loads.  Difficulties 
in  ddennining  the  distribution  of  U,^  exactly  have  led  to  the  a4)(Hoximation 
(Tuikstra  and  Macben  1980) 
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(46) 


-  max  t  max  X,-  (/)  ♦  Z  Xj  (/)] 
i  e  <t  <T 


yMA  trmsfoms  the  load  combinatian  analysis  into  a  problem  of  random 
variables  lailier  than  random  processes.  Research  in  probabilistic  load  comlx- 
nalkm  analysis  has  shown  diat  faflures  usually  occur  when  one  of  die 
time-varying  loads  attains  its  maximum  value  (Equmion  46,  tenn  max  Xj(t), 
termed  the  **princ^  action*0  while  the  other  loa^  equal  their  point-in-time 
values  (toms  iX/t)  in  Equation  46.  the  companion  actions).  Since  it  is  often 
not  known  which  of  the  actions  is  at  its  maximum  value  when  the  maximum 
combined  effect  occurs,  each  time-varying  load  most  be  positioned,  in  turn,  as 
the  principal  action  to  determine  the  maximum  combined  effect 

The  retpiired  strengtti,  Uj,  in  Equation  2b  is  determined  as  an  appropriate 
conservative  ftactile  of  U„^  i.e.,  has  an  accq)taldy  small  probability  of 
being  exceeded.  Oonsistent  with  the  principal  acrion/companion  action  format 
in  Equation  46.  the  required  strengdi  is  mqmssed  as  die  set  of  equations 


-  Y/)D  ♦  YfiC  ♦  E  Yi  Qi 

i 


(47) 


The  fectored  load,  Yq(2  is  denoted  the  prindpal  action,  while  the  terms  y/Q,- 
are  the  companion  actions.  In  principle,  if  diere  are  n  time-varying  loads. 
Equation  47  consists  of  n  equations  in  practice;  however,  it  seldom  is  neces¬ 
sary  to  cmisider  all  n  equations  in  designing  a  particular  member,  since  eiqiNi- 
ence  rapdly  indicates  diose  dmt  control  design.  Equations  46  and  47  are  the 
basis  for  the  principtd  action-companion  action  format  used  in  LRFD  and  most 
modem  limit  state  codes  (ASCE  7-88;  Eurocode  No.  1  (ASCE  1990)). 

The  focus  in  the  following  is  on  the  load  factors  needed  to  define  die 
required  strength,  Uj  in  Equation  47.  The  first  objective  in  the  load  combin- 
atitm  development  (Mocess  is  to  minimize  the  variatkm  in  idialxlity  as  the 
loads  in  a  combination  vary  in  prc^ition  to  me  another.  A  second  objective 
is  to  baluice  the  design  risk  associaled  with  die  different  load  craibinations.  It 
is  desirable  that  these  two  objectives  be  met  so  that  the  load  combinations  are 
qiplicable  to  the  relatively  broad  scope  of  structures  and  cmnponents  widiin 
the  purview  of  the  code. 

Load  far^rs  for  designing  miter  gates  are  (fetermined  using  mediods  similar 
to  those  used  to  develop  inobabillty-based  limit-state  design  criteria  for  build¬ 
ing  riiuctures  (EUingw^,  et  al.  1982),  utilizing  the  load  and  resistance  data- 
presented  in  Sectim  4  raid  the  results  of  the  calitoatim  studies  in  Sectim  5. 
Noting  ftmi  Equatim  5  that  the  factored  load  for  a  prescribed  reliability  index 
is  equivalent  to  die  load  at  the  cheddi^  point,  we  have  that 
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%  X*  -  m,  (1  ♦  a,  P  Vj) 


(48) 


wiieie 


»» load  fiKtor 

*  nominal  or  characteristic  load  value  specified  1^  die  standard 
V|  s  coefficient  of  variation  in  Xj 


Solving  for  Y;.  we  obtain 


Yi  -  (m/XJ  (I  ♦  Oj  P  Vf) 


(49) 


Experience  has  shown  that  aldiough  the  product  a,-P  varies  in  itUabOity-based 
design  according  to  die  leliatMlity  level  and  the  n^ve  importance  of  load  X^ 
in  die  comldnation.  a  typical  value  is  approximately  2  when  X^  is  considered 
as  die  principal  variaMe  load  in  the  combination  and  when  p  ~  3-3.5.  Thus,  in 
approximation 


%  -  (m/X^  (1*2  V/) 


(50) 


The  ratio  (m/X^  reflects  the  Was  in  die  specified  nominal  load  with  leqwct  to 
its  mean  value.  In  comnt  design  practice,  whme  die  nominal  loads  tend  to  be 
estimated  conservtdively,  this  ratio  often  is  less  than  1.0.  The  coefficient  of 
variation  V;  is  a  dimensionless  way  of  representing  uncertainty  arising  from 
inherent  mdomness  and  modeling. 

The  reliability  requirement  can  be  expressed  by  one  equatim  (Equation  4), 
^iriiile  diere  ate  many  load  factors  in  the  design  requirements.  Thus,  the  selec¬ 
tion  of  load  factors  is  a  trial-and-enor  process  (Euingwood  et  al.  1982).  Equa¬ 
tion  50  provides  an  initial  estimate  cf  the  load  factor  for  each  lotul.  For 
example,  ftM*  die  load  Hs,  we  have  that 

Y//^  »  (0.9)  (1  ♦  2  X  0.25)  -  1.35  (51) 


Subsequent  adjustments  to  the  individual  load  foctois  and  load  comWiiations 
are  made  fiom  FO  reliaWlity  analyses. 
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It  wu  fraui  the  discussion  of  fUe  operalian  characteristics  in 

Section  4  and  Equations  23  and  24.  ttiat  the  following  ooincklences  of  loads 
had  snffidenlly  small  probability  that  they  could  be  ne^ected  in  the  load 
combinations: 


4,  need  not  be  combined  with  Q.  and  /f,: 

4,  need  not  be  combined  with  £; 

Q,  and  Hf  need  not  be  combined  with  E;  nd 
Hg  need  not  be  combined  with  Q 

The  load  combinations  recommended  below  conespond  to  specific  load 
scenarios:  (1)  gates  in  foe  mitered  position:  (2)  gates  operating;  and 
(3)  environmental  effects.  Petmanem  loads  appear  in  all  combinations. 
Thne-vatying  loads  qipear  as  principal  or  companion  actions,  as  qipropriate. 
Postulated  loads  are  assigned  a  load  feclor  of  1.0,  since  it  is  assumed  tlut  the 
conservatism  necessary  for  design  is  taken  into  accoum  in  foe  associated  haz¬ 
ard  scenario  and  qtecification  of  foe  nominal  load.  The  load  specification  is 
made  as  general  as  possible:  note,  howevCT.  tlut  the  maximum  structural  action 
may  occur  when  one  (or  more)  of  foe  loads  in  a  combination  is  equal  to  zero. 
This  advisory  also  is  contained  in  ASCE  7-88  (ASCE  1990)  and  in  foe  AISC 
LRFD  ^Kcificadon  (AISC  1986).  The  subscript  **n**  on  load,  denoting 
nomirul  value,  has  been  omitted  in  foe  foDowiiig  for  simplicity. 

The  following  loads  are  considered,  individually  and  in  combination: 

D  s  dead  load 
C  s  ice  load 
M  s  mud  load 
Hg  s  hydrostatic  head 

Hf  s  teoporal  hydraulic  load  {Hf,,:  gates  t^ten;  gates  mitered) 

Q  s  operating  equipment  load 
4,  s  impact  load 
E  -  earfoquake  load 

The  hydrodynamic  force.  Hj,isnot  considered  since  it  does  not  govern  in 
strength  design.  H^  should  be  omsideted  in  fatigue  analysis  of  the  gate;  how¬ 
ever,  fatigue  behavicMT  is  outside  foe  scope  of  this  study. 


Gats*  In  the  mitered  poettion 

(1)  \AHg  +  1.0 

(2)  1.0 /„  +  \2Hg 
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Combinatioii  (1)  is  applicable  to  the  submetsed  poition  of  the  pie.  Combina- 
tton  (2)  is  vpfijakic  to  the  gudos  above  the  wateriine.  Ice  and  mud  loads  are 
not  indiided  in  these  load  oombinatioos  because  their  effects  are  not  signifi¬ 
cant  They  are  included  in  the  operating  load  combinittions  where  their  effects 
may  contraL  Lmeial  forces  due  to  ice  have  less  of  an  effect  than  does  the 
impact  force  in  combination  (2).  The  probability  of  a  coincidence  of  impact 
and  lateral  ice  is  negligible.  Thus,  this  effect  is  not  consideied.  It  is  asaimed 
that  there  is  a  potential  for  impact  any  time  from  the  beginning  of  handling 
and  maneuvering  in  tiie  holding  area  to  the  time  when  the  tow  completes  its 
exit  from  the  lock. 


QitM  oparating 

(3)  1.2  D  +  1.6(C  +  AO  +  1.0 /f^ 

(4)  1.2  D  +  1.2  C  +  1.6  (C  +  Af) 

During  normal  gate  operation,  there  are  no  differential  hydrostatic  loads.  The 
temporal  hydraulic  load  acts  on  ttie  submerged  portion  of  the  gar**  as  it  moves 
tiuough  the  watm  and  is  statically  equilitmaed  by  the  force  on  the  operating 
strut.  This  may  cause  twist  of  the  gale  leaf,  the  effects  of  which  are  checked 
by  combination  (3).  Ifowever,  if  time  is  a  submerged  obstruction,  the  gate 
may  bind  during  operation,  causing  a  force  on  the  operating  strut  not  statically 
equilibrated  by  the  hydrodynamic  effeos;  combination  (4)  addresses  this  situa- 
tiOTL  The  load  factor  1.6  on  (C  AO  is  consistem  with  a  mean  load  of 
0.95  times  the  nominal  specified  load  and  a  coefficient  of  variation  of  0.35. 


Environmental  eftecia 

(5)  1.2  D  +  1.0  E  +  1.2  H, 

The  presumption  in  combination  (5)  is  that  the  gate  is  in  the  mitered  position. 
The  probatnlity  of  a  ctnncidence  of  earthquake  forces  with  forces  from  gate 
operation  or  impact  is  negligiUe  (cf  Equalkm  23  and  related  discussion  in 
Section  4).  The  eartiiquake  force,  £,  on  a  structural  component  is  determined 
from  p(y)  defined  in  Equation  34.  The  load  factor  of  1.0  on  £  is  based  on  the 
assumption  of  a  NEHRP-magnitiide  design  earthquake.  For  an  earthquake 
with  an  MRI  of  145  rather  than  475  years,  this  load  factor  should  be  increased 
to  1.4. 

The  design  equation  is  (cf  Eqn  2b) 


(52) 
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A  idiability  liKtor,  a.  has  been  introduced  to  the  deagn  equation  to  account 
for  the  severity  of  the  operating  environmoit  for  hydraulic  structures  and  the 
difBoAies  in  thdr  inqwction  and  maintenance.  Factor  a  normally  is  0.9;  if 
the  structure  cannot  be  inqieoed  regularly  or  if  it  is  in  brackish  water  or  sea¬ 
water.  a  »  0.85.  Eadi  adjustmot  increases  the  reliability  index  by  about  03. 
No  adjustments  are  made  for  the  rKxninal  resistance,  R^,  or  reastance  factors. 
4.  defined  in  the  current  LRFD  Specification  (AISC  1986). 

The  results  of  reliability  analyses  of  flexural  conqxments  (tesigned  by  the 
imposed  LRFD  load  combirutions  are  presented  in  Figure  7  where  diey  are 
compared  to  similar  analyses  for  flexural  components  designed  by  ASD. 

Three  curves  are  presented,  correqxmding  to  load  factors  on  (in  combi¬ 
nation  1)  of  \2,  1.4,  and  1.6.  The  load  factor  1.4  leads  to  designs  that  are 
somewhat  less  conservative  than  diose  obtained  using  ASD  and  EMI  1 10-2- 
2101  (Headquarters,  Department  of  the  Army  1972).  However,  die  decrease  in 
P  is  comparable,  in  an  average  sense,  to  the  decrease  that  occurred  in  the 
changeover  from  ASD  to  LRFD  for  steel  buildings.  Moreover,  the  reliability 
of  the  gate  kaf  as  a  strucmral  system  is  substantially  hi^ier  dum  indicated  in 
Rgure  7  due  to  its  highly  redund  tint  nature. 
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6  Recommendations 


The  devel(^ent  of  load  combinations  for  designing  miter  gates  was  handi- 
czpped  by  the  lack  of  statistical  data  on  which  to  base  the  reliability  analyses 
and  load  factors.  A  Delfdii  was  designed  to  provide  the  necessary  data  on  an 
interim  basis.  A  large  amount  of  data  was  developed  by  the  E)elphi.  and  it 
was  tK)t  possible  to  analy:%  these  data  completely  within  the  scope  of  this 
work.  Additional  analyses  of  ttiese  data  should  be  performed,  focusing  in 
particular  on  the  data  needed  to  specify  barge  impact  load  l„.  Attempts  also 
should  be  made  to  design  a  data  acquisition  program  to  improve  the  database 
(m  operating  loads. 

The  current  specification  for  loads  due  to  temporal  head,  also  should  be 
revised.  The  Delphi  indicated  that  the  characteristics  of  temporal  head  for 
gates  in  the  mitered  and  open  positions  were  substantially  different  Under  the 
circumstances,  consideration  should  be  given  to  specifying  two  different  values 
to  Hf  rather  than  one  value,  such  as  tire  15  in.  (381  mm)  found  in  EM  1 1 10>2- 
2703  (Headquarters,  Department  of  the  Army  1984).  Suggested  values  might 
be  s  15  in.  (382  mm)  and  s  9  ia  (229  mm);  however,  additional 
measurements  should  be  taken  at  selected  locks  to  confirm  and  possibly 
modify  the  sUdistics  reported  in  the  Delphi. 

The  previous  REMR  study  and  the  Delfdii  in  this  study  provided  informa¬ 
tion  on  the  incidence  of  barge  impact,  tonnage,  and  velocity  at  the  time  of 
impending  impact  There  ai^rear  to  be  inconsistencies  in  the  data  reported  in 
these  two  studies.  Addidot^  work  is  needed  to  develop  improved  barge 
impact  loads  to  be  used  in  design.  This  research  should  take  into  account  the 
significant  nonlinearities  in  material  and  structural  behavior  that  are  likely  to 
occur  during  significant  impacts.  Iteportedly,  a  test  program  is  in  progress 
aimed  at  shedding  light  on  miter  gate  behavior  during  impact.  It  makes  sense 
to  consider  design  procedures  that  are  based  on  the  concept  of  energy  dis¬ 
sipation  rather  than  withstanding  the  force  by  traditional  elastic  design  meth¬ 
ods,  since  the  latter  are  likely  to  lead  to  prohibitive  weight  requirements.  In 
the  load  combinations,  a  load  factor  of  1.0  was  assigned  to  impact;  it  is  cus¬ 
tomary  to  deal  with  rare  events  in  this  way,  and  the  load  combinations  will  not 
need  to  be  redone  when  additioruil  data  on  impact  forces  becomes  available. 

In  any  event,  impact  should  be  treated  as  a  concentrated  force,  not  as  a  uni¬ 
formly  distributed  load. 
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The  LRFD  seianic  requiianotts  diould  be  made  as  consistem  as  possible 
with  die  new  NEHRP  pimdsions  nearing  impiementaticm  (NEHRP  1992). 
NbtwWistanding  current  practice,  the  possib^ty  of  eaidiquake  damage  to  lode 
and  dam  stnictures  and  the  economic  impacts  of  such  danage  should  be 
considered. 

A  aet  of  tentative  designs  of  miter  gate  components  shmild  be  performed 
using  die  proposed  design  recpiirements  and  a  comparison  should  be  made  with 
gates  designed  by  ASD  and  EM  1110-1>2101  (Headquarters,  Department  of 
die  Army  1972)  before  the  LRFD  criteria  aippiant  ASD. 
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User’eGuide:  Computer  Progrwn  for  Analysis  of  Planar  Grid 
Stnjoturee(CGRD) 

Oeveiopmetd  of  Design  Formulas  for  R8)bed  Mat  Foundations 
on  Expansive  Sols 

User*sGuide:  PleGtoupGraphicsDiBplay (CPG6) Post¬ 
processor  to  CPGA  Program 

User's  Guide  for  Design  and  Irrveatigatioo  of  Horizontaly  Framed 
Miter  Gates  (CMTTER) 

User’s  Guide  for  Revised  Computer  Program  fo  Calculate  Shear. 
Moment,  and  Thrust  (CSMT) 

User’s  Guide:  UTEXAS2  Slope-Stability  Package;  Volume  li. 
Theory 

User’s  Guide:  Pie  Group  Analysis  (CPGA)  Computer  Group 

CBASIN-Structural  Design  of  S*Rt  Anthony  Fals  StlKng  Basins 
According  to  Corps  of  Engineers  Criteria  for  Hydraulc 
Structures;  Computer  Program  X0098 


Date 
dun  1967 
Aug  1987 


Aug  1967 

Oct  1967 
Doc  1987 

dan  1988 

Fob  1988 

Apr  1988 

Apr  1988 

dun  1988 

Sep  1988 

Feb  1989 

dul  1989 
Aug  1989 
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Tadmioal  Ripoit  ITL-WMS 

Tcchnioai  Riport  ITL<W4 
Contract  Raport  rrL-89*1 
inatruction  Raport  ITL-flO-l 
Tachnical  Raport  ITL-QO-a 

Inalruction  Raport  ITL-904 
Inatruction  Raport  m.-90^ 
Taehnioai  Raport 

tnatruction  Raport  iTL>91*1 

Inatruction  Raport  rn.-87>2 
(Ravisad) 

Tachnical  Raport  ITL-92-2 
Tachnical  Raport  m.-92<4 
Inatniction  Report  iTL<92-3 

Inatruction  Ftoport  m.'92-4 
Inatruction  Raport  rn.>92-5 


(Cortfnuad) 

TMa 

CCHAN-Stnjctural  Oaaion  of  Raolangular  Charmala  Aooofdina 
to  Corpa  of  Enginaara  Cfitaria  for  Hydraulc 
Structwaa;  Compular  Program  X0097 

ThaRaaponaa  8poctrumDyt»amicAnaiyaia  of  Gravity  Patna  Uaing 
tha  Fbilta  Elaniattt  Method;  Phaaa  H 

Stata  of  the  Art  on  Expert  Syitama  Applcationa  in  Daaign. 
Conatruction,  and  Mairtananoa  of  Stiucturaa 

Uaaf'a  Quida:  Computar  Program  for  Daaign  and  Anaiyaia 
of  Sheet  PHa  Wala  by  Ciaaaical  Mathoda  (CWALSHT) 

btvaatigalion  and  Daaign  of  U-Frama  Structuraa  Uaing 
Program  CUFRBC 

VolumaA:  Program  Critaria  and  Documentation 
Vbhima  B:  Uaar’a  Quida  for  Baaina 
VokimaC:  Uaar’a Qrdda for Channala 

0001*0  001(10:  Computar  Program  for  Two-Oimanaional  Anaiyaia 
of  U-Frama  or  W-Frama  Structuraa  (CWFRAM) 

Uaat’a  Quida:  Plo  Qroiq><k)ncroto  Pla  Anaiyaia  Program 
(CPQC)  Praprocaaaorto  CPQA  Program 

AppHcadon  of  FinMa  Etamant,  Grid  Ganaration,  and  Sdantif ie 
Viauaixation  Tachniquaa  to  2-D  and  3-D  Saapaga  (Hid 
Groundwater  Modalirig 

Uaar'a  Quida:  Computar  Program  for  Daaign  and  Anaiyaia 
of  Shoat-Pilo  Wala  by  Ciaaaical  Mathoda  (CWALSHT) 

Including  Rowe'a  Moment  Reduction 

Uaar’a  Guide  tor  Concrete  Strength  Invoatigation  and  Daaign 
(CASTR)  in  Aocordanca  aHih  ACI 31B-89 

FInita  Eiomant  Modeling  of  Waldad  Thick  Plataa  for  Bonnavilla 
Navigation  Lock 

Introduction  to  tha  Computation  of  Response  Spectrum  for 
Earthquake  Loading 

Concept  Design  Example,  Computar  Aided  Structural 

Modeling  (CASM) 

Raport  1:  SdramaA 
R9port2:  Schama  B 
Raix>rt3:  Schama  C 

Itear’sGuida:  Computar-Aidad  Structural  Modaling 

(CASM) -Varsion  3.00 

Tutorial  G(^:  Computar-Aidad  Structural  Modattng 

(CASM) -Varaion  3.00 


Data 

Aug  1989 

Aug  1989 
Sap  1989 
Fab  1990 
May  1990 

Sap  1990 
Jun1990 
Sap  1990 

Oct  1991 

Mar  1992 
May  1992 
Jun  1992 

Jun  1992 
Jun  1992 
Jun  1992 

Apr  1992 
Apr  1992 


(Coittinued) 
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Contract  Raport  ITL-92-1 
Tachnical  Raport  ITL-92-7 
Contract  Raport  m.-92-2 

Contract  Raport  l'n.-92-3 

Instructton  Raport  GL-87-1 

Tachnical  Raport  ITL-92-1 1 
Tachnicai  Raport  ITL-92-1 2 

Irwtruction  Raport  GL-87-1 

Tachnical  Raport  (TL-98-1 
Tachnical  Raport  m-93-2 

Tachnical  Ftoport  ITL-93-3 

Inatruction  Raport  ITL-93-4 


(Concluded) 

Ttia 

Optimization  of  Staal  Pila  Foundations  Using  Optimality  Critaria 

Rofinad  Strass  Analysis  of  MaMn  Prioa  Locks  and  Dam 

Knowladga-Basad  Expart  Systam  for  Salaction  and  Dasign 
of  Rationing  StnMturas 

Evaluation  of  Tharmai  and  Incramantal  Constnjction  Effacts 
for  Monoliths  AL-3  and  AL-5  of  tha  Malvin  Prica  Locks 
and  Dam 

Usar-sGuida:  UTEXAS3  Slopa-StabiUty  Paduga;  Voluma  IV, 
Usar's  Manual 

Tha  Saismic  Dasign  of  Watarfront  Rataining  Stnjcturas 

Computar-Akfad,  Fiaid-Varifiad  Structural  Evaluation 

Raport  1 :  Davalopmant  at  Computar  Modafing  Tachniquas 
for  lyttar  Lock  Gatas 

Raport  2:  Fiald  Tast  and  Analysis  Corraiation  at  John  Hollis 
Bankhaad  Lock  and  Dam 

Usar's  Gukto:  UTEXAS3  Siopfr-Stability  Padoga;  Voluma  III, 
Exampla  Problams 

Thaoraitical  Manual  tor  Analysis^  Arch  Dams 

Staal  Structuras  for  Civil  Works.  Ganaral  Considarations 
for  Dasign  and  RahabWation 

Soil-Structura  Intaraction  Study  of  Rad  Rivar  Lock  and  Dam 
No.  1  Subjactad  to  Sadimant  Loading 

Load  and  Rasistanoa  Factor  Dasign  for  Staal  Mitar  Gatas 


Data 

Jun1992 
Sap  1992 
Sap  1992 

Sap  1992 

Nov  1992 

Nov  1992 

Nov  1992 
Dac1992 

D0C1992 

Jul1993 
Aug  1993 

Sap  1993 

Oct  1993 


Destroy  this  report  when  no  longer  needed.  EX)  not  return  it  to  the  originator 


